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Abstract

Theneuropeptidessubstance P anenkephalin are abundant in the striatum, the largest input
structure of the basal ganglia. Although the bagahglia are thought to play a significant role
in action selectionthe role of substance P drenkephalinin striatal processing is unknown,
although recent computational work suggests they may be involvedction sequence
performance and acquisitiorHlence, the focus of the present thesigas on testing how
0f 201 Ay 3 &adz ail y Oliin teceptoysRaffe@ed b&H dnhté angl Rarned
behavioural sequences.

The lack of specialized techniques directed at finding sequential and temporal patterns
when analysing the roles of these two neuropeptides encourdgediseof Markov analyses
to identify grooming and locomotion sequences in an open field experintemiphasis was
placed onevaluating the effect of blocking substance P and enkephalin’s reseph the
grooming chain, a naturally fixed innate pattern displayed by rats. Furthermoresiog
temporal pattern techniques, we were able to discern the effects on temporal aspects of
sequencing.This first study suggested that substance P could @oitant for regulating

(NI} yardrzya 080688y o6SKI OA 2 dzNE Zrelaield ® Nifing &

(0p))

aspects.

The second experiment extended the analysis beyondte and spontaneous behavioural
patterns to learning, in whiclgainthe role d substance P and enkephalinvgenot been
thoroughly investigated. Thus, experimemisre corductedto analyse the effects of blocking
substance P and enkephalreceptors on learning and performing a crystallisaction
sequence. Té resultsidentified substance P askey neuromodulator in learning new action
sequences.

Finally, to try to gea more mechanistic understanding of the role of substance P in
sequence learning, a reinforcement learning modak developedavhich allowedhe in silico
replication of theexperimental task performed in the previous study @hetestingof several
biologically constrained hypothesis about the role of substance P. This lastsigdgstd

that SP could be playing a key role in the maintenance of a sequence representation when
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Figure 18 Prediction suffix trees (PSTs) found in the grooming bouts ofdtsewhen saline
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responses of the reinforced sequence o ttats who were to be injected with133,060 (red)

and saline (blue). No significant differences were found in any of the performance measures.
Data are displayed as Mean £SE...........oooiiiiiiiiiiieeee e 96

Figure 22Trial by trial behavioural analysis of learning a sequenel) Gcatterplots showing

the timing of the left(red) and right (blackever presses throughout the 50 trials for one rat
during thefirst (a) and the last session (b) of training in the first phase. On top are plots of the
mean press rate performed throughout the trials in bins of 200 md) (dean pess rate of

the distal(red) and proximal (black) responses of all rats in their first (c) and last session (d),
showing the emergence of a crystallised spaémporal behavioural pattern................ 97

Figure 23.Phase 2 results: blocking substance P leads to faster learning of new sequence.
Plots showing the effeé®f blocking NK1 receptors on the (a) proportion of perfect trials; (b)
mean actios per trial; (c) distal/proximal ratio; and (d) inteesponse times when a new
sequence had to be learned. Only the first 10 sessions and the last session of pdrase 2

] 01011 TRl ¢ IS 00 TSP TP RPPPPP 98

Figure 24.Previously reinforced sequence is extinguished faster during phase 2 when NK1
receptors are blocked. (a) Rate (sequences per min) athwiaits injected with saline (blue)

and -733,060 (red) stopped performinthe action sequence reinforced during the first
phase. (b) Rate at which rats from both groups performed the new reinforced sequence. *
(O RS N 0L YO | I i 3 5 ¢ > Y TR 99
Figure 25Blocking NK1 receptors led tdaster emergence of a crystallised spat@mporal
pattern. Mean press rate to the distal (red) and proximal (black) response ghou trials

in ses®ons 1, 4 and 7 for the control group (a) and for the rats injected wil83,060 (b).

The blue line repesents the moment when the animals put their head into the magazine to
collect the reward after making the correct sequeNnce..............cccevvvvvvveeeeveveievviininnnnns 101
Figure 26Devaluation test. Change in presses per minute between the last session of training
and the extinction tesfor the distal and proximal lever during the 5 min extinctitest. Data
correspond to the rats injected with saline and NK1 receptors antagoi38J060 in the first
L2201 1 1 T=] 1 PSSP 102
Figure 27 First phase action sequence is learned similarly by saline and naloats (a)
Boxplots displging the number of sessions each group took to meet the behavioural criteria.
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The box represents the data between the first (25%) and third (75%) quartile, the line inside
represents the median (2 quartile), the whiskers are thminimum and maximum values,
except for when there are outliers that are 3 or more SD awag) Blotsshowing the first

and last five sessions of the: (b) proportion of perfect trials; (c) mean actions per trial; (d)
distal/proximal lever press rationa (e) time between responses of the reinforced sequence,
of the rats injected with naloxone (green) asaline (blue). (f) Mean press rate in 200 ms bins
for the distal (red) and proximal (black) levers of the naloxone group on the last session of
training, the blue line represents the moment in which the rats put their head into the
magazine to Collect thBEWAId.........ccoooiiiiii e 104
Figure 28.Injecting naloxone has no effect on learning a new sequence in phaBt3
showing the dfiect of blocking and] receptors duing the first 10 and last session of phase

2 on the (a) proportion of perfect trials; (b) mean actions per trial; (c)distal/proximal ratio; (d)
inter-response times; (e) rate at which the prewsty reinforced sequence was extinglesh

and (f) the rate at which the new sequence was performed. No significant group differences
were found in any behavioural measurement..................ccovivviiiiiiiieeeeeeee 105
Figure 29Devaluation test. Chrage in presses per minute between the last sessibtraining

and the extinction test performed to the distal and proximal lever during the 5 min extinction

test. Data correspond to the rats injett with saline and naloxone in the first experiment.

Figure 30Blocking NK1 receptors has no clear effect angtable performance of an action
sequence. Plots showing the results for the first dast 5 sessions of the first phase (left
plots) and the corplete second phase of experiment 2 for: (a) proportion of perfect trials; (b)
mean actions per trial; (c)dslproximal ratio; (d) interesponse times for the groups
injected with saline (blue)rad L-33,060 (red). No significant group differences were found in
any behavioural measurementJ f DML Do 108
Figure 31.Experiment 2: devaluation test in33,060 group. Change in presses per minute
between the last session of training and the extincti@sttperformed to thedistal and
proximal lever during the 5 min extinction test. Data correspond to the rats injected with

saline and NK1 receptors antagonist23,060 in the second experiment.................... 109
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Figure 32.Blocking and] has no effect on the stable performance of a crystallised action
sequence. Plots showing the results for the first and last 5 sessions of the first phase (left
plots) and the omplete phase 2 of experiment 2 for: (a) proportion of perfect trigdy;mean
actions per trial; (c) distal/proximal ratio; (d) inteesponse times for the saline (blue) and
naloxone (green) groups. No significant group differences were found in any behavioural
INEASUIEIMENL.. ... ettt ettt e e e e et ettt e e e e e e e emeta e e e e eeeeeesnna e e eeaeeeesnnnnaaeaeeeenes 110
Figure 33Experimen2: Devaluation test in the naloxone group. Change in presses per minute
between the last session of training and the extinction test perfednio the distal and
proximal lever dring the 5 min extinction test. Data correspond to the rats injectath

saline and naloxone in the second experiment................uuuiiiiiiiiiiniiee e 111

Figure 34 Agentenvironment interaction in the reinforcement learning paradigm (modified
from Sutton and Barto, 1998)..........cccooeiiiiii i 117
Figure 35.Probability of an action depending on its preference according tsoftmax
selection scheme when there are only two actions from which to choose................ 121
Figure 36Actor-critic paradigm. In this type of architecture, the critic ilarge of updating

the value of the states and calculating the reward pe&idn error, while the actor is in charge

of updating action peferences and selecting actions based on softmax selection (Sutton &
Barto, 1998; Joel et al., 2002)..........uuiiiiieeiiiiiiie e 121
Figure 37 Representation of how eligibility traces work. Actions performed many time steps
ago, for examfe at t3, are less affected by the rewhiprediction error] pthan actions
performed more recently (taken form Sutton & Barto, 1998)...........cccccevvvvvievreeeneen. 122
Figure 38 Division of the enviromental states into biologically significant states to learn a
TWO-BCTION SEOUEICE....eieieieeieiiiittt ettt e e e e e e ettt e e e e e e e e s st e et e e e e e e e e e nnnnneees 123
Figure 39lllustration of the simulations performed to replicate the reversal and fremersal
learning experiments. (a) In the first simulatiogeats were trained to perform action
sequence LefRight (LRJor 40 sessions until stable performance was achieved; in a second
phase theg were switched to do the inverse sequence RL. (b) In the second simulation, agents
were also trained to perform sequee LR until stable performance was achieved, but in the

second phase they continued to perform the same sequence. In both simulatidiesedi
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parameters were modified during the first 100 trials of the second phase to try to simulate
the effect of thesubstance P antagonist injected in the experiments...............c........ 124

Figure 40.Learning a tweaction sequence. We compare the performance of the simulated
agents (bottom plots) with the real data (top plots) in th@lowing measurements: (a)
proportion of perfect tials, (b) distal proximal ratio; and (c) mean actions per reward.
Experimental data (top ple) show the average and SEM of the first 20 and the last 5 sessions.
Simulations were allowed to run for 40 s@ms. In the case of the simulations, the black li

with circles is the average and the grey lines show each individual simulation to display the
range Of Variability..........oooiiiiiiii s 127

Figure 41.Changes in reward prediction error at each state in learning the first action
sequence. The mean changes in reward prediction error through the trials are shown for each
state: (a) beforethe action sequence is started, (b) when thetfiastion is perfomed, (c)

when the second action is performed and (d) when the reward is delivered. Data are displayed
as mean + SEM. Note that because the reward prediction error was more variable, we show
the changes through the trials, not aggregat@$son WiSe..........ccooeveeiiiiiiiiiieeeeeeeeenn. 128

Figure 42Probability of performing the actions trough training. The probability of performing
the right (green) and left (blue) actions in the) @stal, that is in state.g and (b) proximal
position, that is state Sof the sequence throughout the 40 sessions. The green and blue lines
represent the aerage of all simulations and the grey lineswheach individual simulation to
display the rage of variability...............eee 129

Figure 43Decay of action preferences at theoment of the change in contingency produces
faster learning of a new sequence. Top plots show #sellts from the experimental data,
while bottom plots show esults from the simulations for a) proportion of perfect trials, (b)
distal/proximal ratio andc) actions performed per reward. Blue lines represent the control
conditions in both experiments arglmulations, whereas red lines represent the data from
the rats injected with the NK1 antagonist in the top plots, and the simulations with the decay
parameter in the bottom plots. All data, simulated or experimental, are shown as mean *
SEM. For simulaths we show 30 sessions, while for the real data only the first 10 sessions

and the last session of the second phase are shown. * p <0.05..........ccceiiiiiinne. 131
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Figure 44.Changes in action preferences and probabilities in the reversal learning
experiment. Topplots show the action prefences for the lefand right actions in the (a)

distal, @1, and (b) proximal, 3 positions of the sequence. Whereas the bottom plots show

action probabilities for the left and right actions in the (a) distal, &1d (b) proximal, 5

positions of he sequence. Blue s represent the left action and green lines represent the

right action. Solid lines show the results for the control model, while dashed lines show the
results for the model with decay. Data represents the average of all simulatnehthe grey

lines shav each individual simulation to display the range of variability..................... 133

Figure 45.Predictions mde by the decay model for the neeversal experiment. Results

from the nonreversal experiment are shown in the top pldthe red line shows the results

from the rats injected with 733,060, whereas the blue line the results from control rats.
Bottom pla shows the prediction made from the decay model (red line) and the control
model (blue line). All results are shown asanet SEM...............coooovviiiiiiiee e, 135

Figure 46/ 2 YLJI NA a2y 06SG6SSy GKS NBIt SELSNAYSYy(l
model for the reversal learning experiment. Réswlisplayd are only for the second phase.

Top plots show the results from the experimental data where the red line shows thdtse

from the rats injected with 733,060, and the blue line the results from control rats. The
bottom plot shows the prediction mad&Nf2 ¥ G KS h Y2RSf O6NBR fAYySO
(blue line). From left to right the following performance measuremeats shown: (a)
proportion of perfect trials, (b) distal/proximal ratio and (c) the mean actions per trial. Data

are shown as mean + SERbr the simulations all 30 sessions are shown, while for the real

data the first 10 sessions and the last sessiorhefdecond phase are shown. * p < 0.087

Figure 47Changes in action preferences and probabilities in the reVé&raming experiment

GKSY h gl & Y2 RAFthe&idn pedenged fifr theiléft add Kight actions in

the (a) distal, §, and (b) proximal,a3 positions of the sequence, whereas the bottom plots

show action probabilities for the left andght actions in the (a) distalaSand (b) proximal,

S, positions of he sequence. Blue lines represent the left action and green lines represent

the right action. Solid lines show the results for the control model, while dashed lines show
theresultsNB Y GKS h Y2RSfod® ¢KS INBSY Iy RulaiondzS Ay !
and the grey lines show each individual simulation to display the range of variahility38
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Figure 48.Changes in reward prediction error when the first and second actions of the
sequence were performed. h& mean changes in reward predar error through the trials

are shown (a and c) lwen the first action was performed, and (b and d) when the second

action was performed. Top plots in blue show the results from the control model, while the
02002Y LX20a Ay NBR adde datadedisiied dztmean +IENR ¥
Note that kecause the reward prediction error was more variable, we show the changes
through the trials, not aggregated sessiamse, as the other results........................... 139

Figure 49t NEBRAOUGA 2y a YI RS 0 &-reiefd experimér. REstilts ffoNJ i K S
the nonreversal experiment are shown in the top plot, where the red line shows the results

from the rats injected with 733,060, wheeas the blue line shows the results fromntrol

rats. Thebotty LJ 20 &aK2ga GKS LINBRAOGAZ2ZY YIRS o0&
model (blue line) for this experiment. Results are shown as mean +. SEM............... 141

Figure 50.Alternative parameter manipulationspredictions for the reversal experiment.
Simulation 1, in Wich the order of the action sequence is reversed in the second phase, was

used to test whéher modifying other parameters of the model would create the same effect

as our state learning rate hypothesis. Plots show results from the second phase for (a) the

real data, where the blue line represents the data from the control rats and the redhae

data from the rats injected with-£33,060.For the simulations the blue line represents the

control model with no modification of the parameters, whereas thd li@e represents the

predictions madewhed 6 0 G KS | OGA2y f SI NieksiyidatioNnd @)fhei 61 a
eligibility trace parameter was modified and; (d) the discount factowas modified. Data

are shown as Mean £ SEM.........ooiiiiii e 142

Figure 51.Prediction 1: Prolonged SP antagonist action would not get rid of the beneficial

effect. The model predicts that leaving the state ldlayf 3 NJ 6 S h 2 GKS O2Y
phase 2 would at eventually producea deficit in learningThe blue line represents the

control model with no modification in any of the parameters, whereas the red line represents

0KS LINBRAOUGAZY Af Yo REK ofe2 & KIS RdzNRRFP (KS O2 Y LI
SNOWN 8S MEAN F SEM....cciiiiiiiiii e 144

Figure 52t NERAOGA2Y HY 5SONBFaAy3d LI NFYSGSNI b LN
pattern LR to a comptely new pattern NN. KS h Y 2diRt§ fastet Jd&hing of a
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completely new pattern with no previous action valugbe blue line represents the control

model with no modification of the parameters, whereas the red line represents the
predictions madebyi KS h Y2 RSt & A (kg the Brsi B0Ifridls oflthe sedondd R dzN.
phase. Data are shown as mean £ SEM..........cccooooiiiiii 145

Figure 53.Change in action preferences in the distal (top plot) and proximal (bottom plot)
position when learning a completely new pattern. Resghow the increase and decreasing

in action preferences for the left (blue lines), right (green lines) awl Imehaviour (red lines)

Ay LKFIaSa m YR H 6KSNBE (GKS O2yUGAy3aSyOArASa 4¢
shown as dotted lines, where#éise control model as solid lines. Results are shown as average

of all simulations and the grey lines show leakdividual simulation to display the range of
VANTADITIEY - ..t 146

Figure 54 Prediction 2: Substance P might onlyreéevant for contingencies change. When

GKS R2gyNB3IdzE  GA2y 2F LI NI YSGSNI h gk & LISNF2N
at the point of reversal learning, no effect on learning an action sequence was obséhes

blue line represats the controlmodel with no modification of the parameters, whereas the

NER fAyS NBLNB&aSyilia (GKS LINBRAO(GAZ2Yya YIRS oeé

Figure 55.Prediction 3: Single action learning might not be affected by substance P
antagonist. Usig a simplified model with only one action state, modifying the state learning
rate at the beginning of the reversal leamgiwould not cause such a big improvemesttlae

one seen in action sequence3he blue line represents the control model with no
modification of the parameters, whereas the red line represents the predictions made by the

h Y2RSt® 5101 F8EM.aK24Y. . LA. . Y.SELY. B 148
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Chapter 1 The neurobiologicabases of action sequences

1.1 Introduction

Performing mast behavioural patterns requires executing sequences of actions with some
degree of order. Fromressing a leveto making a cup of teabehavioural patterns tend to
groupthemselvesnto unitsthat areperformedin a fluent andseemingly effortless wayiow
individual actions are integrated into coherent and orgadi behavioural units, a process
called chunking, is an important topic of discussion in psychology and neuroscience
(Drummond, 1981; Jin, Tecuapetla, & Costa, 2014dyléel & Grafton, 208; Buxton, Bracci,
Gurney, & Overton, 2017).

The term chunkingwas established by Miller (1956) in his classical experiments on
memory, in which he found that a single item of information coulddrened by a chunk of
several items.A chunk has been defined a8 O2ft f SOGA2y 2F St SYSy
Faa20AF0A2ya 6AGK 2yS | y20KSNE o6dzi ¢6SI]1 | aa
(Gobetet al., 2001). Being able torepresent informationin this way isbelieved to be a
fundamental cognitivanechanism sinceit presumably alleviates theognitive andnemory
load of any systentrying to store and processarge amounts of informatioVeksler, Gluck,
Myers, Harris, & Mielke, 201&olopchuk, Alamia, Olivier & Zénon, 216

Inthe motor domainhaving a mechasm that allowghe storage okequence®f actions
asintegratedunits has been suggested an efficient way of processing the large repertoire
of behaviourghat ananimalcan acquirehroughoutits lifetime. Indeed, it is known that once
a motor sequene is learned, its performance rendeed faster andautomatic suggesting a
reduction inthe cognitive load associated tosipperformancgSakai, Kitaguchi, & Hikosaka,
2003; Dezfouli & Balleine, 2013mith & Graybiel, 201&avalia, Shukla & Bapi, 2016

Evidence from several experimentsvegointedto the basal gangliea mmplex network
believed to be involved in action selecticas a key component @fction sequence encoding
(Graybiel, 1998Jin & Costa, 2015The presenteviewwill focus on thenvolvement ofthe

basal ganglian both innate and learnedctionsequences
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1.2 The basal ganglia circuit

The basal gangliare agroup of subcortical nucléhat have been found to be important in

motor, cognitive and emotional domainksesions to these nile have been associateslith

a diverse range of disorders, from motdisorder& & dzOK | & t I N]JAyaz2yQa
disease, to cognitivalisorders such as Obsessi&ompulsive Disorde(DelLong 1990;

Graybiel, 200D To understand its role in behavibitl is important to begin vih a short review

of its main nuclei and connections.

The basal ganglia consist of six main nughe striatumisits largest structureand its main
input nucleus receivingmassiveexcitatory inputs from all over the braimainly from the
cortex and the thalamudut alsofrom other structures such ashe amygdala, globus pallidus
andsubstantia nigra pars compac{&Nc)YWall et al., 2013Guoet al.,2015).The striatumis
mainlycomposed ofSABAergimedium spiny neuron@VISNs)comprisingaround 9095% of
its neuronal populationThe remaining 5% consstf different types of interneurons, such as
cholinergic and GABAergones, which although a smalproportion, have been found to
receive inputs fronboth within and autside the striatum(Silberberg & Bolam, 2015).

Importantly, $riatal MSNshavebeen divided into two populationghat create two semi
independent pathways called the direct amdlirect pathwaysln the classical vieythe direct
pathway is formed oMSNs that mainly express D1 dopamine receptors atiactly project
to the substantia nigra pangticulata(SNr) ando the globus pallidus internal section (GPi),
the output nucleiof the basal gangii On the other handMSNsof the indirect pathway
expres mainly D2lopaminereceptors and theyndirectlyprojectto the output nucleimainly
throughthe globus pallidus external section (GReyd the subthalamic nucleus (STMhich
are reciprocally connectedrhe STN igself connected to thebasal gangli@utput nucleiin
an excitatory wayFinally, theGPi and SNoroject to the thalamus, whicin turn projects back
to the cortex, creating parallel, rentrant loops(Wickens, 1997Bolam, Hanley, Booth, &
Bevan, 200D

These corticabasal ganglia loopg@an example of the looped structutkat runs thorugh
the basal gangliamuclei however, severalloops with subcortical structureslso exist but
unlike cortical loops, the thalamus is at the input sta§er example, structures known to be
involved inguiding movementsuch aghe superior colliculusnd periaqueductal greyalso

innervate the striatum and createsomewhatclosedloopsthat alsorun through the basal
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ganglia(McHaffie et al 2005).Thus the direct and indirect pathways of the basahg#a can
modulate behaviouthrough cortical and subcortical loops

Thesewo pathwaysare believed tdhave an important role iaction selectior(Redgrae,
Prescott & Gurney, 199%raybiel, 2000; Ceit al.,2013. The basic idea behind ¢hclassical
model is thatwhen MSNs of the direct pathwagre activated, they directly inhibit theoutput
nuclei, SNr and GPand given tlat these nucleiin turn exert tonic nhibition over their
thalamictargets activation ofdirect MSNs ends up releasing the thalasnandthe cortex
from inhibition. On the other hand, activatioaf the indirect pathway leads tinhibition of
the GPewhich, given its inhibitory projections to the STileaseghe excitatorySTNinput
to the output nuclei Thus,activation of he indrect pathwayends up increasinthe activity
of thebasal gangliautput nuclej thus,increasinghe inhibition over the thalamuand cortex
(Albin, Young, & Penney, 1989; DelLong, 1990

Furthermore, the striatum receives massive dopaminergic affereftsm the SNc,
reaching both the matrix and striosomes, thiigpaminehasa very robust effect over sttal
activity (Matsuda et al., 2009). Dopamine afferents reach the striatum primarily at the
dendritic spinesand shaftsof MSNs, converging in many caseith glutamatergic cortical
afferents (Freund et al. 1984), thus, dopamine is in a privileged position to modulate the
corticostriatal synapse (Wickens, 199Me effects of dopamine on the striatum have been
found to be manifold, depending onthe areaof the striatum the activation of specific
dopamine receptorsand on thepre and postsynaptidiring pattern (Reynolds & Wickens,
2002). NormallyJow levels of dopamingyre (cortical) and podstriatal)synaptic activitywill
cause longerm depressionLTD (Calabressi et al., 1992 owever,the timingand pattern
of the dopamine releasgplays a key rolethus, it has been reported that ilopamineis
releasedin a high frequency phasic manner, at the same ttaticalandstriatal activity are
present longterm potentiation is inducedat the corticostriatal synaps@Nickens, Begg &
Arbuthnott, 1996 Reynolds & Wickens, 2002

In summaryactivation of the diect pathway disinhibits the thalamuand thusits main
role has been suggested to be alow the expression of behaviours, efeas,activation of
the indirect pathway increases inhibitiorver the thalamus,thus, decreasng behavioual
expression with dopamine playing a key roleAlthough in general terms, this
conceptualsation of the basabanglia circuit has been useful to understand action selection

both in the normal and diseased braiand it has beenverified to some extentthrough
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optogenetic activation of each pathwdiravitzet al., 2010, several recent findinghave
called into gestion thissimplisticantagonistiacconceptionof the basal ganglia network

First, ecent findings have shown that the two pathways are not reafiyndependent
from each otheras previously thoughtParticularly interesting is the fact that some direct
MSNs project both to the SNr and &Rhe targets of the direct and indiregathways
respectively,and they alsohave collaterals thainnervate the SN¢Nadjar et al. 2006;
Fujiyama et al., 2011). These direct MSNs witferent collateralshave beercalled bridging
collaterals,and theygrow in response to activity in the iirdct pathway(Caprla et al., 2014).
Moreover, although the classic model of the BG assumes thatdirect and indirectMSNs
differently express dopamine receptoiishas beenreportedthat both D1 and D2eceptors
can beobserved irthe sane MSNpelonging to either thalirect or indirect pathway(Nadjar
et al., 2006).

Furthermore, i is now known that the GPe has atbt two types of neuras arkypallidal
and protaypical neurons,each with different projection targets and possibly functiq@stis
et al., 2014)Protatypical neurons, as their name indicates, are the prototypical GPe neron
that project to the STN and other downstream nuclei of the basal ggreylizh ashe output
nucleus SNt On the other handarkypallidal neurons send massive GABAergic projections
backto the striatum(Mallet et al., 2012 These results suggest that the GPe is more than just
a relay station within the indirect pathwaygnd it has beensuggested thatarkypallidal
neuronsare significantlyimplicated in cancelling actions @it et al., 2016).A general
diagram of the basajanglia network is shown fRigurel.

Finally,it is becoming more appareihat activity from both pathways is needed for the
expression obehaviour and that more than opposite roles, the two pathwaysed to be
coordinated for action selection to occur normal(Cuiet al.,2013 Tecuapetlaet al.,2016).

It is believed thathis coeactivationallows theselection of the desiredctiors, while at the
same time,inhibiting other undesiredbehaviours(Friend & Kravitz, 2014)n conclusion,
although the roles of the two pathways remain an open discussiasigenerallyagreed hat

the direct and indirecpathwaysof the basal ganglia regulate the process of action selection
through sensorimotor integration (Redgraes al., 1999; Graybiel, 2005)with dopamine
playinga central roleby strengtheningor weakening corticestriatal synapsegReynolds &
Wickens, 200
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Direct pathway

Bridging collaterals
Indirect pathway
Arkypallidal GPe neurons
Dopamine innervation
Output nuclei and
thalamic projections

Figurel. Simplified diagram showing the coections between the main basal ganglia nuclei.
basal ganglia network is classically divided into the direct pathway (green) which compri
direct projections from the striatum to the SNr and GPi; and the indpathway (red), comprisir
the MSN that project to the output nuclei through connections with the GPe and STN. |
findings, such as bridging collaterals (dashed green line) and arkypallidal neurons (pink) r
been included.

When itcomes to ¢arning and executing sequential behavioural pattemdthoughit is
known that patients with disorders such a®arkinson’s diseasén whichthe striatum is
severelyaffected, displaydisrupted sequencing and automaticitgf actions (Harrington &
Haaland, 1991Tremblay et al., 2010Casarrubea et al., 201,9he underlying mechanism
responsibleof encodingaction sequencess unitsare still not fully understood. In the
following sectiors some d the main results obtained from innatand learnedaction

sequences are reviewed.

1.3 Innate behavioural sequences
It has been argued that examining how aatsequences are implemented in models of innate
and seemingly simple behaviours, could help usidate how more complex behavioural
patterns are assembledjiven that nany of the higher order processes that we observe in
animals and humans areelieved to bethe result of modifications to innatéehavioural
mechanismgBerridge & Whishaw, 1992; Gri#in& Waller, 2004

Fixed action patternareclassicallglefined adehavioural patternsghat are 1) innate, that
is, they have not been modified by learning, and 2) triggered by specific stimuli, both external

(e.g. the presence of an object) and intatrfe.g. the release of a hormone). The complexity
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of thesefixed actin patterns carnvaryfrom simple actions, like the Greylag goose retrieving
eggs back to its nesFigure2a); to elaborate sequences, such ag tmating dance of the

three-spine sticklebackHigure2b) (Tinbergen, 1951).

(a) Greylag goose retrieving an eg: (b) Mating dance of the threspine stickleback.

Figure2. Examples of fixed actions patterns in two different seecTaken from Tinberg

(1951).
Although it is nowmore accepted that some innate patterns can be modified to some extent
by processes such as learniagd sensory feedick (Grillner & Waller, 2004), sing fixed
action patterns as models tstudy action sequencehas the advantage that argisruption
found in their sequentibimplementation is minimally confounded by other cognitive
processes. Thughey givethe opportunty to study the mechanisms behind sequential
patterning in a relatively isolated preparation (Berridge & Whishaw, 198Rieif, Aldridge,
LaPorte, Murphy, & Tuohimaa, 200There areseveralexamples of innatéehavioursthat
have been used to study treerial order problemin this review we will focus otinree major
categories innate rhythmic behaviours rodent groomingand birdsongs, all of which have

been thoroughly studied.

1.3.1 Rhythmicbehaviours

Many of the most basic behavioutfsat are in ourbehaviouralrepertoire, such asreathing
and others that do not seersobasic, such awalking are formed ofrhythmic sequence®f
movements.Many of hese patterns involve temporarily organisedsequencesof muscle

activations that are regulated subcorticly by neural networks called central pattern
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generators (CPGgBucher et al., 2015CPGs are neuraktworks that control many innate
Fdzi2YlF GAO 0SKIF@A2dzNI £ aSljdzSyO0Sa GKIFIG F2N¥Y a2
repertoire, something that &s been called the motor infrastructure (Grillner & Wa)l2004).

CPGsre present in many speciespth in invertebrates, controlling behaviours such as
leech crawling locomotion and swimming in molluscs (Cacciatore et al., 2000; Sakurai & Katz,
2016);and in vertebrates, underlying locomoticaand other behavioursn several species,
such adampreys, zebrafish, turtles, and cats, to mention a few (Marder, 2000; Berkowitz,
Roberts & Soffe, 2010Although most studies of CPGs have been performed in small
invertebratesandlower vertebratesdueto their reduced numbeof neurons several shared
characteristics acrogmanyspecieshavebeen found(Grillner & Walla, 2002 Grillneret al.,
2005; Bass, 2014).

The main characteristic of CPGs is that they ganerate continous rhythmic activity
without externaltonic timing inputs or sensory feedback (Satterlie, 1985; Marder & Bucher,
2001). Thus, atheir name indicates, thie pattern of activity can be produced intrinsically,
both bysynapticconnectionsand throughneuromodulaton (Marder & Bucher, 20QBucher
et al., 2019. This means that thdasic behavioural pattesicontrolled by CP&can still be
found after deafferentation For example, both leectsand catscan still produce somewhat
normal coordirated locomotionafter deafferentation andin the case of leechesven after
completedecerebration(Cacciatore et al., 200@rigon & Grossard, 2010

Although sensory feedback is not necessary forgtmeluction of thebasicactivity pattern,
dependingon the behaviour,some characteristics ahe CP@ dynamicsdo depend on
sensory feedbacko different degrees.For example,the rhythmic wing sequence of
movemens executed by some insects to fly can still B produced after sensory
deafferentation but it is considerablyslowed down and the intersegmental coordination is
affected (Pearson &Wolf, 1997 Other CPGs, like the one controllirgvimmingin the
crayfish can still produce basic rhythmiciand coordinatiorafter all sensory afferents have
beencut (Hughes & Wiersma, 1960he dependency on sensory feedbaiskbelievedo be
subject to how stable or variablavas the environment that the behaviours evolved in

(Cacciatore et al. 2000We will now reviewsome of the findings regardintipe neural
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mechanism underlyinghe production of temporarily organised sequences of innate muscle

activations controlled by CPGs

1.3.1.1 Neural bases of CPGs
A/l tD dzyAlG KIFIad 06SSy RSAONAOSR |a al 3ANRdzL) 2F
(Grillner, 2006)this burgting activity pattern ariss from relatively simpledesigrs formed
mostly of motoneurons and glutamatergic (excitatory) and glycinergic (intolby)
interneuronslocated in the brainstem and spinal cof@rillner, 2003)There are two main
neural mechaniss by which a CP@twork is able toproducerhythmic sequentialactivity.
First, some CPGs haweeurons withintrinsic oscillatory properties Ol £ £ SR a £J OSYI
which are able to impose rhythm to a networkhat by itself does not bursperiodically
(Marder & Bucher, 2001)These types of networkasually control behavioursshere the
rhythm needs to be preserfor prolonged times or eveat all times such agespiration in
mammads and swimming in jellyfish (Rekling & Feldman, 1998; Satterlie & Nolat; 200
Marder & Bucher, 2001)

Nonetheless,it is more common thathe patternedactivity of aCPGs theresult of its
synaptic interactionsand thatthe resulting behaviour can bstarted and stopped at wijlhs
in locomotion, which can be initiated and eed in a goatirected manner Griliner, 2006
Grillner & Waller, 2004 Thus, in cases where there are no pacemaker neutbaghythmic
activity of the network emerges fromthe connectiors between its neurons and the
descendingfferents that reachthe spinal CPG (Satterlie, 1985Bucher et al., 2015

Thedifferent characteristics of thactivity of CPGg e.q.its frequency, phaseetc can
arise both from electrical and chemicahteractionsand sme basic neural motifs have
emerged from studies orseveral species. First, reciprocal inhibitibas been found to
enhance asynchronous activation between neurons wittagonistic rolesn severakpecies
(Marder & Bucher, 2001; Bucher et al., 2015), and it is believed to be the basic mechanism
behind alernating activity that controls the flexion and extension of muscles (Grillner, 2003).

A simple example of how this oars can be seen inthe CPG network that controls

swimming in the mollus€lione limacinéSatterlie, 1985). The swimming behaviour irsthi
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mollusc consists of alternations between ventral and dorsal flexions of-Nkeagstructures.
Satterlie (1985) found that the CPG underlying this behaviour consists of two groups of
interneurons that fire out of phase, such that firing in one group co@mpanied by inhibition

of the other. Given that one group of neurons is in charge of moving the-Nd@gtructure
upwards, and the other group downward, the reciprocal inhibition between these two
neuronalgroups leads to alternation between upward addwnward movementsallowing

the animal to move efficiently

Excitatory linksbetween neurons are also an important componeot CPGsgiven that
they allow neurons to fire iphase For exampleexcitatory synapses have been found to be
necessaryto coordnate the left and right flexions needed for swimming in the mollusc
Dendronotus irigSakuri & Katz 2016) Hectrical couplingand mutual excitation are two
simple and efficientvays in which two neurons can be made to fire in synchro@yil(ner,
2003;Grillner, 20®). For the case oflectrical couplingitgenerates a very strong relationship
between neurons, thus it is believed to underlie behaviours that are highly stereotyped, f
example, respiration in mammals arise from CPGs formed of stronglylemb neurons
(Rekling & Feldman, 1998acciatore, et al. 2000).

Whenbehavioursbecome morecomplex, involvinghe organisation omanybody parts,
CPGs are also present, yet there are differealysby which they can be coordinate&or
examplelampreyQd agAYYAy3d LI GGSNYy O2yaraida 2F Ly
body, that involvesequentialactivation ofseverabodysegmentsn a specific orde(Grillner,
2003) Each segment of the lamprey’s boidyformed bycontralateral CPG®f excitatory aml
inhibitory interneuronsthat alternate their activity.Each of these segments needs to be
coordinated together so that thlEamprey can actually swintt is believed that this is achieved
through coupling ofCPGs, makingwimminga quite fixed sequence ahovements(Grillner
& Waller, 2002)

However, br other locomobr behaviours that require more flexibility, such as crawlong
walking a slightly different arrangement has been propo$edcoordination of several body
parts that does not necessarilywolve such a strongelectrical couplingCacciatore et al.,
(2000)have proposedor the case otrawling in leecheghat the sequential coordination
could be achieveavith a more flexibleneural chain, in which neurons from one unit directly
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excite thenext unit, spreading activity in an orderly fashion. Furthermotegirt model
suggestghat positive feedback in each unit is important for maintaining stable activity.

Additionally, 1 is known thatthe sameCPGs able toproducedifferent variations ® the
same behaviourThat is the sequence of muscle activatisnan be slightly modified to get a
different behaviour For example pesidesnormal breathing,the same CPG Ekelieved to be
able to producegass and sigls, meaning that a CPG can undergaonfigurationgMarder
& Bucher, 200]1Lieske et al., 20Q00In general terms, its believed that CPG reconfiguration
depends significantly omeuromodulatory projectionsboth from descending projections and
from sensory feedbackMarder, 2000 Ramakrisnan et al. 2013 These euromodulators
include fast acting neurotransmitters like GABA and glutamate, but they also include other
more slowly acting neuromodulators like neuropeptides and other molecules like nitric oxide
(Bucher et al., 2005 For exampe, Wood et al. (2000found that in the stomatogastric
nervous systenof the crabCancer borealjxo-release of a specific peptide along with GABA
could produce different patterns of activation in the same CPG, clearly sugg#siingne
network can praluce different variants of the same pattern through different combinations
of neuromodulatorsand through different patterns of release

It has also been suggested thstort-term synaptic plasticitya form of plasticity based on
chemical changes, such asurotransmitter releasg plays a role in CPG reconfiguration
through facilitation and shorterm depression(Dickinson, 2006 Although still an open
guestion,these synaptic mechanisnigve been shown to bvolved in several aspects of
CPGs such abythmic generation, activity stabilisation, reconfigurationdagven selection
betweenmotor programs (Nadn & Manor, 2000)These effects are thought to happen both
through presynaptic effects, modifying neurotransmitter release, and through postsynaptic
effects such asnodifying intrinsic membrane characteristi@iazRios & Miller, 2006). Thus,
Ff 0K2dzZAK /tDa O2yiUNR{-oANBROSYSYyR2NISEYAVAL BRI
through neuromodulationdifferent behavioural patterns can be produced

Furthermore, he neuramodulators that brainstem and cortex supply tepinal CPGs
through the reticulospinal pathway are believed to play a key role in selectingnarading
at will the CPG behavioural pattern@larder & Bucher, 20Q1Griliner et al., Q05).
Interestingly, he basal ganglia ¢put nucleialsosend projections to brainstem nucl&vhich
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project back to the striatum through the thalamuthus,the basal gangliare alsoin the
position to modulatethe selection ofthe motor plans encodednispinal CPG bysending

descending commandss depicted irFigure 3 (McHaffie etal., 2005Grillner et al., 2005).

Selection of behaviour

Cortex / pallium
A
v \J

input

excitation (glut.) -
inhibition(GABA) [Iocomotlonl I posture ] Isaccadesl

DA-modulation

Figure 3. CPG general selection layout in the brain. Taken frorm@ri{{2006).

In conclusion, CPGs are neuronal networks ttattrol basic sequences of movements,
andare able to sustain their basic firing pattern without external inputs, and although they
can be modified by sensory feedback, giving them some fleyjhitiey can be carried out
without it (Grillner, 2006). Furthermorealthough it has not been proveyet, it is believed
that CPG like structures could be fouimdother parts of the central nervous systgi@NS)
such as the cortex, meaning that some o thasic configurations of CPGs found in spinal cord
and brainstem mightepresentbasic moti§ through which the brainencodestemporarily
organisedactivity sequenceqYuste et al., 2005)n the following section we will review
groomingsequences, an irate behaviour that althouglit is also controlled by CPGs in the

brainstem, its sequential patternirgeems to come from the basal ganglia.

1.3.2 Groomingbehaviour

Grooming behaviars, such as body licking, face washing and paw licking, are innate
behaviourspresent in many specidhiat can be rich in structure. Berridge, Fentress and Parr
(1987) discovered that amoribe severalbehaviairs that are performedwithin a grooming

bout, rodents execute grooming chains with a very specific order, both spontaneausly
triggered by certain sdzf A 6 S®3ad gl 1SN 2y GKS NRBRSyidQa
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chains are present in many specissch as squirrels, guinea pigs, gerbils and harsstieat

differ up to 65 million years in their evolutipisuggesting thathe implementation of this
patterned behaviourand possibly the mechanism underlyingsthighly preserve(Berridge,
1990).

The stereotypical grooming chais different ineach rodent nonetheless, in all of them
aroundfour sequential phases withfaerarchical structure can be found (Berridge, 1999). |
rats, the grooming chairconsists of four phases executed in a specific order with a cephalo
caudal direction (Kalueét al.,2007). The first phase consists of asgf very fast and small
elliptical strokes around the nose. This is followed by a series of unilateral strokes around the
mystacial vibrissae below the eymd a set of large bilateradnd symmetricabtrokes that
usually go over the ears. The chainimshed when animalturn to their flank and begin to
lick their body Figure4). The completion of the first three phases takes between 3 to 5
aS02yRAY gKAETS GKS flFad St Sy&gnds@aridgeStyaaia K OF
1987; Rerridge, 1990).

It has beercalculated that the appearance ofiftgrooming chain is 13,000 times greater
than would be expected by chance, representing an exceptional case of serial order (Berridge
et al, 1987). Thus, it is believed that the executiortref grooming chain is not the result of
some random process, but rather the product of an active sequential mechaHiswever
it is also possible to obsertiee behaviourghat are part of the groominghainperformed in
an unstructured wayuring grooning bouts This has been used as a way to compare whether
a treatment has an effect only in the context of the grooming chain or in the whole grooming
bout (Berridge, 1990).

A Elliptical Stroke B Unilateral Stroke  C Bilateral Stroke D Flank Lick

@%&ﬁ \$
9

Phase 1 Phase 2 Phase 3 Phase 4

Figure4. Phases of the grooming chain. Taken form Aldridge & Berridge (1€

Importantly, the grooming chain is executed as a u@iice the first elemenbf the chain

is performed, the probability that the rest of the elements will be completed in the same
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order is around 0.%r higher(Berridge & Whishaw, 1992). Therefore, the execution of the
first element, theelliptical strokesis usually taken as a liable criteron to identify the
presence of grooming chain. The high stereotypy and the fact that the elements ofhlae
are easily distinguishablehave male it a useful behavioural model to study the

implementation of sequendil organsation (Kaluéf et al., 2007).

1.3.2.1 Neural substrate of the grooming chain
Berridge, Aldridge and collaboratoegploited the grooming chain as a behavioural model to
investigate the neural structures underlying theplementation of action sequences
Through different Ision and electrophysiologicatudies,they have found that the basal
ganglia are a key network in the performancelo$ sequential innate behaviouAccordingly,
it has been found thatlisruptiors in the execution of the groominghainare presentin
amA Yl f Y2RSta 2F ¢2d2NBGdiSQa {@yRNRBYS o6¢l&f 2N
Obsessive Compulsive Disorder (Berridge, Aldridge, Houchard, & Zhuang, 2005) and
l dzy GAYy3G2Yy Qa Ra&talS201B)Sall of thenNdbidetstelated/to dysfuntions
of the basal ganglia.

From several studieshé striatum has emerged as a key regionthe implementation of
the squential order of the grooming chainSriatal damage decreases the probability of
completing the grooming chain and increasesduration, without actuallydamaging the
ability of the ratsto perform each behaviourindividually (Berridge & Fentres4987b;
Tartaglioneet al.,2016).Lesions to brain structures known to have a role in motor control,
such as the cerebellum, primary asdcondary motor cortex or the entire neocortex, do not
seem to produce any lasting effects on the sequential osgaion of the grooming chain
(Berridge& Whishaw, 1992¥-urthermore, lesions to other structures, such as globus pallidus
or ventral pallidun do not affect the grooming chain serial performance either (Cromwell &
Berridge, 198).

In more detaikd studies, it has beerfound that only lesions in the anterior dorsolateral
striatum disrupt theserial execution of the grooming chain, with only ared 24% ofthe
chains being completed correctly. Excitolesions in the dorsomedial, ventromedial or

ventrolateral striatumdo not disrupt its execution (Cromwell & Berridge, 1996). This is
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interesting given that the dorsolateral striatum has beenateld to the performance of
habitualbehaviours suggesting a possible overlapmechanismgYin & Knowlton, 2006).

Again, mterestingly, sensory deafferentation of the face also has no effect on grooming
chain performance, suggesting that the serial ardéthis behavioural pattern is not based
on somatosensory feedback, but rather on some central mechanism possibly impkshant
at least modulated by the striatum (Berridge & Fentress, 1987). This independi@mse
sensory feedback and the fatiat the order of the grooming chain seems to be independent
of timing from cortical inputs has led to the suggestion that a CPGhe lirainstem is
modulated by the striatum, whictontributes tothe sequentiapattern (Cromwell & Berridge,
1996).

Hectrophysiobgical studieshave revealedthat neurons in the dorsolateral striatum
display higher firing rates whesach of thechainbehavioursare executed in the context of
the ordered grooming chainput not when these same behaviours are performed in an
unorderedfashion. Thiss not observedh the ventromedial striatum, where neuronal activity
seems to be more strongly related tbe initiation of the grooming sequence (Aldridge,
Berridge, Herman, & Zimmer, 1993; Aldridge & Berridge, 1988)ronsin the SNr hae also
been found to show distinctive firing patterns according to whether the grooming behaviours
are performed insider outside the grooming chain. Neurons in SNr are excited during the
initiation of the chain, and significantly more inhibited as theaning chain is performed
(Meyer-Luehmann, Thompson, Berridge, & Aldridge, 2002).

This distinctive increasm activityobserved when the grooming chain is executesk also
been observed in the execution of sequences that, although not as stereotypléuly a
OSNIFAY 2NRSNX¥ ! f RNAR3ISTE . SNNARISIT | yuR w2aSy
aSljdzSy 0S¢ 3 oflbehaviBujstizét \o€@ s when rats transition from periods of
immobility to periods of movement. This sequence is composed of redtiegd and torso
movements and locomotion, and it tends to occur in this particular order, although not in
such a fixed way as the grooming chain. Nevertheless, a similar increase of striatal aidivity
obsened during its executionAlthoughthisincreagdfiring is slower than tle one observed
in the grooming chain, these resslsuggest that the striatum could be involved in sequential
action orgarsation in a general way.

Finally, damaging nigrostriatal projections can lead to a decrease in the pageeof

correct completios of the grooming chainsuggesting a role for dopamine in sequence
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implementation(Berridge, 1989; Pelosi et @2015). Accordingly, increasing dopamine levels
in the mousebrain, renders the performance of the grooming chain mogid, making hyper
dopaminergic mice more rastant to disruptions of the chain (Berridgeal.,2005).Likewise,
D1 agonists generate supstereotypy in the grooming chain; and-aedministration of D2
receptor antagonist decreases these effects, |asggg that bothD1 and D2dopamine
receptors ae involved in the implementation of sequential stereotypy (Tagloal.,2010).

In summary, he studies carried out with the grooming chain as a mddelesuggestd
that the basal ganglia, and in particuldwe dorsolateralstriatum, play a crucial role ithe
implementation ofthese sequential pattern with increasedfiring ratesonly during ordered
sequence®oth in striatumand SNiand an important role for neureansmitter dopaminelt
has been proposethat the role of thestriatum might lie in selecting and allowing the GPG
in charge of the grooming chain to gain access to the motor system in the correct order, while
inhibiting other behaviours (Bedge & Wishaw, 1992)n the following section we witliscuss
someresultsthat havebeenfoundin anotherinnate sequential behaviouirdsongs which

unlike grooming, haa learning phase

1.3.3 Birdsong

Many species of birds sing songs in order to reproduce and defend territory. Theseasengs
arrays of cenplex sequencesf syllableghat display long-ange correlations that can extend

up to 10 seconds over time (Markowitz, Ivie, Kligler, & Gardner, 28133, they have also
been used as hehavioural model testudy sequence codificatioMuch like the gpoming
chain,birdsongsare arrangemens of syllables that are not randomthey tend to follow a
predictable order and they recurrently start and finish in the same way (Gil & Slater,. 2000)
However, unlike other innate behaviourdyirds go through a leaing period before they
crydallise their song structure which has suggested that birdsong arose from the relaxation
of an innate mechanism (Gardner, Naef & Nottebohm, 2005).

The process of vocal learning in birds is usually divided into two genera¢gphisa
sensory phase iwhich birds listen to the songs of more experied@tutoré birds, and 2) a
sensorimotor learning phase, in whibirdspractice the memosed songsandperfectthem.
After these phases, songs are crystallised into highly stepectyatterns (Williams, ZB1).

Therefore, birdsongs aren interestingsequentialbehavioural pattern to review, because
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both innate and learning mechanisms are at play in the development of the Sstngsture
(Gardner, Naef & Nottebohm, 2005).

Dependingon the species, birdslevelop differentsong repertoires from Bengalese
finches performing onlyone stereotyped song, tamightingaleswho produce over 200
different songtypes To deal with tle serial informationpresent in the songsit has been
shown hat manyspecies obirds, such axanaries, zebra finches amightingales produce
phrasesof syllableZ a2 YS G A Y S a , vhich tie@deIvesari Bejraupedisto songs
(Hultsch & Todt, 1989Yhis arrangement of syllableshglieved to bedone ina hierarchical
manner,which, much like chunks in the motor domain, alloarsefficientway toprocessand
store the large number of syllables a bird can come to prodiMarkowitzet al.,2013).

Thesesyllable phrasebave beerR S & ONJX 6 S R flsefjuenitidllyzssoGated iS ¥ & €
They are characterised by having large transition probabilities between elements of the same
phrase orchunk and low transition probabilities betweephraseboundaries. Furthermore,
these syllablephrasesare separatedrom each other by long silent inteas. Thetiming of
these intervals correlate with how the syllables are sequenced, with high transition
probabilities associatedith short silent intervals and low transition probabilitiesth long
ones (Takashiet al, 2010; Matheson & Sakata, 20153uggesting a similar sequence
representation as the one described in mammaido display short interesponse times
between actionswithin achunk and long inteiresponse times between chunkSakaket al.,
2003).

This gllable organisation gives rige highly consistent songs'he highdegree of song
stereotypy is believed to have been selected by evolutginge female birds prefer males
that singmore stereotyped syllablesequenceqSakata & Vehrencamp, 201 Indeed it is
known that some aspects of the syntactic organisation of songs is imposed by innate
mechanisms, given thdtirds reared in isolation are able to develop some structured songs
(Liu & Nottebohm, 2007)Moreover, even ibirds are exposed to icorrecttutor songs they
still develop s$ructured songs for example,birds tutored with songswithout the species
typical first element, tend to invent their own initial element (Hultsch & Tati89).
Interestingly aeating chunks ofsyllablesalso seems to ke, at least partly, an innate
characteristi¢ since lrds exposed to really long tutor songs (i.e. with less and shorter
boundaries)have a tendency to spontaneously segmehé songs into smaller segments

even though they were not explicitlytored to do it (Hultsch, 1992).
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Nonetheless, thougho A NR&4 SELIR &SR (2 (KS&S aAyO2NNBOI «
(i.e.untutored) preserve some characteristics of normal songs, they do digpldgtructures,
with decreased sequential stereotypy and sraakong repertoires (Hultsch, 1992; Hughes,
Hultsch & Todt, 2002)meaning that learning in birdsongs plays an important role for the
development oftheir structure. During the learning period, sensory feedback is very
important to refine the precise exetion of the songbut2 y OS f S Ny SR> | azy
becomes very stableand it does nothangeeven if birds are exposed to new tutor songs
(Brainard & Doupe, 200. However after crystallisation, iuditory feedback iglisturbedby
external noiseshirdsongs displaglisruptionsboth in sequencing and timing aspectsgith less
stereotyped songs and with slower tempo (Sakata & Brainard, 20063 seems to be in
contrast with chain grooming, a much less flexible behaviour, which can be carried out
normally without any sensory feedback (Berridge & Fentress, 198Tajs, more flexible
mechanisms play an important roletime execution ofcrystallisedsyllable sequences.

Syllable variability haalsobeen shown to be importarfor crystallisingasong structure.
Birds that show more variabilityn the structure of their songs during trainingnd up
developng more accurate songdhis might occur becaushesebirds explore more before
consolidating the final version of their songdlowing them to coect more arors (Miller et
al., 2010;Deregnaucourtet al.,2005).Furthermore, &houghbirdssing in a vergonsistent
way, the stereotypy of the songs is not completely fixafter crystallisation. Adultibds are
able to modify their son Q & (i Nddz@ingzid®ifferential reinforcement(Warren,
Charlesworth, Tume& Brainard, 202), indicating a continuing role for plasticity (Mooney,
2009) Thus,this points towards a more flexibleeural systemhan the one in charge of
producingfixed innate kehaviours like the grooming chaiwhich are hardlynodified once
establishe. We will now review some basic aspect of the brain structures involved in

birdsongs.

1.3.3.1 Neuralcircuitsof birdsong

Thesystem in charge gbroducing songsn birdsinvolves the alan cortex,basal ganglia
thalamus, and brainstem nucleiThis song systenmas been typically divided tm two
pathways: 1) the motor or posterior pathway, which is necessary for acquisition and

execution and?2) the anterior pathwaywhich is only necessgafor acquisition(Nottebohm,
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2005. In the motor pathway, neurons frorihe high vocal centre (HVGgnd projections to
the robust nucleus of the arcopallium (RA&vhich in turn isdirectly connected tobrainstem
and midbrain neuronghat controlthe vocal and respiratiormuscles (Bertraret al.,2014).
On the other handin the anterior pathway neurons from the HVGendprojections to
Area Xa structure homologout the mammalian striatumArea Xn turn sends projections
to the avian basal gangliautput nucleus the lateral magnocellular nucleus of the anterior
nidopallium (LMAN), which closethe loop by projectng backto the RA HVC and RA are
analogougo the premotor and motor cortex in mammals, respectivadyainard & Doupe,
2013, thus, the posterior pathway is mostlya motor cortical circuit, while the anterior
pathway resembles the corticothalamobasal ganglialoop observedin mammals A

comparison is shown iRigure5 (Jarviset al.,1998 Mooney,2009.

b Mammal Songbird
I 4 | 3
I | Motor Premotor/pre-| | HVC
I cortex frontal cortex | | RA = LMAN
I ; i 1
I 1
: Basal ganglia ! Area X
A Striatum A Striatum
I 1
. ‘ | :
I Pallidum | Pallidum
I I ]
I Y | Y ®
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Figure 5. Comparison of mammal and avian basal ganglia network. DLM: dorsc

thalamus,LMAN: the lateral magnocellular nucleus of the anterior nidopallium, HVC

vocal centre, RA: robust nucleus of the arcopallium. Taken from Brainard & Doupe (2

The roles of these two pathways differ at the different stages of song acquisition. The
motor pathway, as & names indicates, is fundamental for motor contréésionsto this
pathway lead to the complete loss of singing (Nottebohm, Stokes& Leonard, 1976.
Furthermore,the highly stereotyed performanceof crystallisedsongs is beliexitto come
from activityin this pathwaysincdesiongo the HV(i.e. homologie of thepremotor cortex)
lead todisruptions inthe & 2 y defie®ypy andiming (Thompson & Johnson, 2007; Long &

Fee, 2008 Recordings mad®f HVC neuronbave shown that these neurons fiomly once
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per songohrase omotif, suggesting a sparse hierarchical coding of ggmgsesn this area
(Hahnloser, Kozhevnikov, & Fee, 2008urons in the HV&re connected ira chainfashion
believed tobe responsible foproducing the ordered sequences of syllakflesng Jin & Fee,
2010) which shares some similaritiesith the neuronal chains believed to orchestrate
sequential activatiorior crawling patterrs in leechegCacciatore et al., 2000)

Lesions tothe anterior pathway(i.e. the avian basal gangliaply disrupti KS a2y 334 Q
structure when they areperformed during the phase ofsongacquisition.If lesions tothe
LMAN that is,the output nucleusof the avianbasal ganglizare made during acquisitiarthe
stereotypyof the songssignificantly increaseproducing highly repetitive patterrfsom very
early on indicating that one of thenain roles of this pathways to introduce vaability, a key
component for learningOlveczky, Andalmai Fee, 200% This variabilityis apparentlynot
completelyrandom, sinceit has been shownhiat stimulating the LMANan bias the song
towards specific goalao, Doupg& Brainard, 2005).

On the other hand birds who are lesioned in Area Xquivalent to the mammalian
striatum,areneverable todevelop a structured songisplayingonger than normakyllables
and less sequence stereotyp$charff & Nottebohm, 1991When birds are alreadsdults,
lesionsto Area X slow down the song production, increasing the iayéiable intervalsGhen,
Stepanek, & Doupe, 20L4AMoreover, jist as in the mammaliabasal gangligdrea Xin birds
receives dopaminergic inputs from V.TAptogenetic inactivatio or excitation of these
dopaminergic terminals leadto online changesn the song€structure, suggesting that
dopamine serves as a kwachingsignalshaping the sorg(Xiaoet al.,2018). Finally, lesions
to the avian dorsolateral thalamus seem to il®re implicated in song initiation, since birds
lesioned on DLM, although are still able to produce certain calls, they hardlgrsihghen
they do theyshow disrupted rhythmpossibly showing a deficit in initiatiregnd pacing of
syllable sequences (Chehal., 2014).

In conclusionit seems that developing chunks or motifs is a strategy that has been used
by several species to deal with largenounts of serial informationwith a hierarchical
representation being favoureddowever, in contrast tthe grooming chairand other innate
behaviours in birdsongghere is an added learning process, in whidth sensory feedback
and variability are two fundamental aspects for the development of stereotyped sequences
In terms of the neural circuits involvedhile in the grooming chaithe striatum(along with

its downstream targets)are apparently enough fo its sequential implementation in
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birdsongs although damage to the homologous striatudrea X, renders birds unable to
develop structured songsyllabke sequencings imposed by the cortical pathwawith the

avian cortico-basal gangliametwork playing a key rolein the sensorimotor learning ahe

songs Thus, as behaviours become more complex and flexible, CPGs in brainstem and spinal
cord seem to becme more dependent on descending signdls the following section, we

will review someof the findings in scenarios in which completely new sequences of

behaviours have to be acquired.

1.4 Learned behavioural sequences
Innate behaviours are onlgpart of anl YA Y I f Q&4 06 SKI @he afziié mostNB LIS NI
important abilities to survive ithe capacity to learn new behavioural patterims order to
adjust toa changingenvironment There are severavays in which a new behaviour can be
acquired,in this sectiorwe will focus orreinforcement learningRL) in which by trial and
error, animak learn to modifytheir behaviour in order to obtain reinforcers, such as food or
shelter(Sutton & Barto, 1998

RLis believed to involvehe acquisition oftwo basic reléionships:a responseoutcome
relationshipand a stimulusresponserelationship. hiese two associations are believed to be
the basis of goatlirected and habitual behaviours, respectively (Balleshal., 2009). The
cortico-basal gangliaetwork has beenthoroughly implicated ithese twolearningsystems,
with dorsomedial striatun{DMS)foundto underlie goaldirected processeanddorsolateral
striatum (DLS) habitualones(Yin & Knowlton, 208). Although learning an action sequence
encompasses bothssiations there are added challenges when instrumentally learning a
new sequence of actions.

First of all, in most instances of action sequence learning, there is no template to which
each element of a sequence can be comparedike birdslearning songswhohold a copy
2T OKSAN (Gdzi2NXRa az2y3a Ay YSY2NER . Ushdly, theR 2 dza (
feedback about whether the actions were performed correctly or not is only obtained after
the whole sequence is completed, meaning that animals nieatn to assign credit to
temporally distant elements. Although the main proposal has been thatredit
backpropagates asction sequences are learngdhat is, the lag element of an action
sequence is learned first and earlier elements are subsequeratinéel,recent findingshave

called into question this ided&( & Anderson, 200&eddes,Li, & Jin,2018).
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Additionally, it has been found that a well learned action sequence can fasein the
behavioural repertoire of an animal even after it has begtirguished (BachMendezet al.,
2007).Thisis believed to indicate that the sequence has been chunked into an integrated unit
possibly involving not only actiesutcome and stimulusction relations but also action
actionassociatios. This suggestdiit some kind of neural representation of the sequence as
a unitand action-action associationsmust beencodedand storel somevherein the brain.
However,how learnedaction sequenceare actually put together and themepresentedis
still a matter of delate. In the following section weurn to some of the findings made in

neuroscience that havehed some lighto these questions.

1.4.1 Neural substrate underlying sequence learniagd performance
Just as thecortico-basal ganglia networls necessary for leainmg sequencesf syllablesn
birds, it has also beerfiound to be a fundamental structurefor sequential learning and
chunkingin mammalgGraybiel, 1998Boydet al.,2009 Fee & $harff, 2010. In this section
studies involving lesions, electrophysialoag recordings, pharmacological interventions and
optogeneticmanipulationsin the basal gangliduring sequential learning tasksereviewed.
Frst of all as with the innate grooming chain, the striatum haeidound tobe a key
regionin learnedaction sequenceswith different roles for the medial and lateral aspects
Lesions to the DL.®ut not the DMSluring the early stage of learnirftave been foundo
selectively disrupt action sequence acquisition, withactuallyproducing any deficit in siteg
action learning, suggesting that dorsolateral striatum might have a very specific axgan
concatenation (Yin, 201@eddes, L.i& Jin, 208). This has also been reported in humans, in
which the evidence also suggests that sequencing is a tafle adtriatum, while premotor
areas of the corteand cerebellunare more involved in other motand cognitiveaspects of
the task Wymbs et al., 2012]anacsek et al., 2020).
Furthermore electrophysiological recordingsave revealedhat as a sequence Isarned
a bracketing activity at the beginning and endtloé sequence emerges and remains even
after devaluation, suggesting that this activity pattern might represent the action sequence
as a unit (Jogt al.,1999; Jin & Costa, 2010; Smith & Grayl#él,3). This stafstop activity
is expressed both in direct drindirect MSNs, with direct pathway MSNs firing battthe

beginning and end of a sequence, and indirect MSNs firing preferentially at the beginning of
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the sequence(Jin, Tecuapetla, & Cost2014) Furthermore, direct MSNslso display
sustained firingduring the complete execution of a learned action sequence, while indirect
MSNSs have been found to display inhibited firing (Jin & Costa, 2010; Jin, Tecu&i&atksta,
2014). Importantly, thisseems to be a specific characteristic of DLS, since thikdinag
activity is not found in DMS (Martira al.,2018).

It has also been reported that fast spiking interneurons in the striatum develop specific
firing patterns, firing mostly in the midiel of a learned action sequence. Importantly, these
activity patterns, both in MSNs and interneurons, are only observed when the sequences are
performed correctly, indicating that #se differentpatterns possibly encoding the action
seqguences as a ungmerge in the basal ganglia as a consequené&d (¥artiroset al.,2018).

The striatum is not only important duringarly-stage sequencéearning,as in birdsong,
but alsoonce the sequence has beevell learned with specific roles for the direct and
indirect pathways Completely alating MSNsof the direct pathwayin dorsal striatum has
been found to completely disrupt the performance otigystallisedsequencewith animals
showing a return to initial performancehecomng unable to correctly completehe
sequenceOnthe other handablatingindirect MSNs produca deficit in switchindpetween
elements ofthe sequence (Geddest al., 2018; Rothwell et al 2015). Importantly, these
findingshave been shown not to ke result ofdisruptedlocomotion, motivation or general
switching,but ratherthey seem tdoe indicating agecificdeficit in sequetial performance

With the development of optogenets; transient activations or inactivation géarticular
moments is now possibJanaking manipulationsery specific This has allowedo further
differentiate the roles of direct and indirect MSNRiring the performance of learned
sequences Transient optogenetic stimulationf direct MSNgerformed in the midle ofa
learnedsequence facilitate behaviouby adding actionsto the sequencewhereadransient
stimulation ofindirect MSNdeadsto elimination of ongoing actionsmaking the sequense
shorter (Geddes et gl2018). Accordingly, Tecuapetla et @016) found that activating DLS
indirect MSNs irthe middle of a well learned sequence leads animals to abort the ongoing
sequence and switch to other unrelated behaviou@n the other handif optogenetic
activation or inactivation okachpathwayin DLSs performedight before an action sequence
is started, thisleads to increased latency to the first element of the sequence (Tecuagtetla
al., 2016).Thus, it seems that very specific activity patternswiatal MSNs are critical for

action sequence acquisition and performance.
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Given thati is krown that griatal MSNs are quiescent a lot of the tinteese findings
have led to the questiof what is driving these striatal firing patterns One of the main
excitatory inputsto the striatum comesfrom the cortex(Wallet al.,2013) and it has been
shown that NMDA and AMPAdependent plasticity at these synapse are necessaryfor
acquisition ofsequentialstepping patterns on aotarod (Danget al.,2006; Yiret al.,2009;
Nakamuraet al., 2017). Thus,one proposal ighat corticostriatal plasticityis one of the
mechanisnsthat shapes MSNs activithuringaction sequencéearning(Tremblay et al., 2010;
Jin & Costa, 2015).

Nevertheless, the role of cortical inputs in action sequenicas yielded some mixed
results During theinitial learning phaselesions to the primary and secondary motor cortices
render animals unable to learn action sequences (Kaetaal., 2015).In line with these
findings,Rothwellet al. (2015) hae also reported that the during acquisition of a tvaction
sequence, the synaes between secondary motor cortex (M2) and striatum are
strengthened and that these synapses are fundamental for acBequence initiationgven
after crystallisation of the learned action sequenEmally the bracketing firing pattern found
in striatum during the execution of a learned motor sequence hE® been observedin
prefrontal cortexduringthe performance obculamotor sequencegFuji & Graybiel, 2003)

However,Ostlund, Winterbauer and Balleine (2009) report that damage to dorsomedial
prefrontal cortex (i.e. M2) does natpair rats from learning to perform an action sequence,
but it does prevent sequenelevel representations téorm, only noticeable in a devaluation
test, not in performance itselfFurthermore, others have reported thaince an action
sequence has been learndailateral lesions tg@rimaryand secondarynotor cortex have no
effectin its performancgKawaiet al.,2015; Dhawalet al.,2019).

Recordings made in primary motor cortex by Martiretsal. (2018)seem to confim this,
since their resultgevealed thatalthoughthe cortex represents the individual actions of a
sequence this is regardless of their reinforcement histaryMoreover, optogenetically
inhibiting thesecortical neurons has no effect on theequence pdormance, nor in the
bracketing activity of the striatuniThus, it seems that some parts of the cortex might be
necessary for learning, playing a tutor radethe striatum but not for storing or performing
a welllearnedactionsequencgDhawahleet al.,2019)

So,it seems that as a sequence is learned and progressively chunked, it can be executed

without inputs from the cortex This is associated with a mostomatic performance as

45



indicated by a reduction in intaesponse imes (Sakai et al., 2003nd, with a decrease in

the sensitivity to the environmental feedbagkesemblinghe characteristics c€PG networks
(Grillner, 2006; Dezfoulli et al., 2014). This has led to the proposal that, once a sequence is
learned, its uderlyingneuronalrepresernation might resemble a CPG network (Yin et al.,
2009).

This is in line with the proposal that CPG like structures could be found in other parts of
the central nervous systenmAs mentioned before,tihas been suggested that there are
similarities betweerthe CPG network arrangements found in the spinal cordl@athstem,
and neural networks found in cortex, both with similar oscillatory properties (Yuste et al.,
2005). Although the CPRIike structures suggested to be in cortex would largely be more
flexible than those found subcortically, Yuste et@mloposethat a basic CP{ke neuronal
organisationcould be found throughout the CNS, in which excitatory recurrent netwairles
ingrained in inhibitory circuits, with neurons displaying oscillations betwe@ states
(depolarized) and down states (hyperpolarizekhterestingly, in vitro studies have shown
that the striatum has neuronal ensembles that display spatiotemporal activity patterns with
similar characteristics to those found in CPGs, displayiagrrent and synchronised activity
patterns (Canillo-Reidet al., 2008).

Furthermore, iismost likelythat other structuresesides the cortethat send projections
to the striatum are also importarfor the organsation of sequencesand that the proces of
learning and performing a behaviourakequence is really distributed in several areas
(Penhune et al.,, 2012)For example,the thalamusis another of the main structures
innervating the striatumIn a recent studyDiazHernandezet al. (2018) have sbwn that
activity in the thalamusreticular nucleuss modulated by the initiation and performance of
an action sequengeand that optogenetic inhibition ahese neurongdelaysthe beginning
and execution ofa learnedaction sequence A similar function dr sequence iniétion has
been found in birdsongs (Chen et al., 20I4)is makes sense, given thrabtor information
from subcorticalbasal ganglidoops goes through a thalamic relay before reaching the
striatum (McHaffie, et al 2005).

Finally, itis known that dopamine is a main modulator of corticostriagghapticplasticity
(Reynolds& Wickens 20@®). Thus, not surprisinglydopamine has also & implicated in
chunking of action sequenceéccordingly, rats lesioned in the SNc dispdayabnormal

temporal structure of open field behavioural sequences (Casarrubea et al., 2019), and
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blocking D2 receptors ithe striatum during sequence learning in monkeys dissupbtor
chunking (Levesque et al., 200As an action sequence is learnedh@s been eported that
dopamine released backpropagates from the last element to the first element of the
sequence (Wassum et al., 2012; Collins et al., 2016), thus, possibly contributing to the
bracketing activity found in DLS.

Accordingly, dficulties in chunkig have beenwell reported in Parkinson’s disease
patients whosuffer fromdopamine deplé&on in the striatum PD patientare knownto have
difficulties initiating performingand endingaction sequencesand inparticular, they show
difficultiesto switch betweentwo different actiongHarrington & Haaland, 199Georgiou et
al., 1994). This seem to be dopamine dependent, given ehfit whenPD patientsare off
their medicines, theyare unable to chunk actions, asidence by an inabilitio reduce the
inter-response times after extended trainifgremblayet al.,2010. Furthermore PD patients
do not show anncrease irstriatal activity that isnormallyfound inhealthy individualsvhen
executing automatic action sequencelsstead, they show greater ortical activity than
controls suggesting that the cortex never stops playing its tutor Mé&u et al.,, 2010).
Parkinson’s disease patients not only have sequencing deficits indter domain, but they
havealsobeen found tadisplay disrupteaognitive sequencingi.e. ina serial prediction tagk
which correlatel with decreasedstriatal activity(Schoénberger et al., 2015pverall, these
findings have led to suggest that PD patients are unable to shift control from cortical to
subcortical areasyhich might bewhy they cannot chunk actions togeth€fremblay et al.
2010).

Finally, #hough a lot of research has been recentjathered the mechanisra in the
striatum that lead to actioraction associationsare still not fully understood.Recent
computational models have made some suggestions in this regandexampleMurray and
Escola (201Mave suggestethat sequential firingpatterns n striatumare implemented by
depotentiation of inhibitory synapses between neuronsimilar to the basiaeciproal
inhibitory motif found in CPGs (Marder & Bucher, 20Qikewise, Buxton et a{2017)have
createda modelof sequential activatiorf MSNsin whichtwo neuropeptides abundant in
the striatum substance P and enkephalin, play an importae in theimplementation of
sequential patterns

According taBuxton et akQ @017)model, substance Being an excitatory neuropeptide

coreleased by direct MSNgontributes tostriatal activity allowing sustained selection of
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actions, and facilitaes the respose ofneighbouring neuronsaiding subsequent actions to
be selectedn the correct orderInterestingly, tis is similar to the proposal of Gaatore et
al., (2000), who suggest that the sequential coordinatisi S S Cokidy de@mentsould be
achievedwith a neural chain, in which neurons from one unit directly excite the next unit,
spreading activity in an orderly fashioBuxton et alQa ¢ moded also proposes that
enkephalinis important to inhibit disordered competing corticainputs. In summay, their
computational modeluggests that directed release of substance P and diffeksase of
enkephalin in the striatum improve action selection performance, bwmttordered and
unordered sequences of actionsThus, different modelshave suggesed different
mechanisns for the implementation ofsequential firing patternsalthough no consensus
exists yet.

Overall thissuggests complexole forthe cortico-basal ganligp networkin learnedaction
sequenceswith distinctive roles for the direct and imdct pathways and ther inputs As in
chain grooming learned action sequences also display specific striatal activity patterns
however, unlikechaingrooming,which can occur without the whole cortethe acquisition
and possibly some aspects of th@erformance of an action sequenceeem to require
different parts of the cortex, with corticostriatal plasticitybelieved a central rolein
acquisition mediated partially by dopamindnterestingly, this is similar to what has been
found in birdsong, in whitthe cortex plays a central role, and dopamisealso believed to

be fundamentally involved in the plasticity needed for learning syllable sequences.

1.5 Striatal microcircuit: Neurotransmitters in the striatum

There is a complex microcircuit within the iatum with severaheurotransmitters systems
believed to play different functions, antdhas been pointed out that the complex biochemical
links known to mediate communicatiorbetween MSNshave beenlargely left out from
classial models of the basal gahg (Calabresiet d., 2014). As described earlier,
approximately 95% of the neurons in the striatum &&BAergidMSNsand theycan be
divided into two populations, those from the direct pathwand those from the indirect
pathway. However besides GABAthese two neuronal populations express different
neuropeptides and dopamine receptonsith direct MSNsnostlyexpressingubstance P and

D1 receptorsand indirect MSNamainly expressingenkephalin andD2 receptors (Gerfept
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al., 1990) This diversity d neuromodulatorssuggestsa complex chemical regulation of
striatal activity

Althoughdopamine has been thicusof a lot of research in action sequencespstance
P and enkephalilhave alsobeen reported to influence learning and memory (Huston &
Hasenbhrl, 1995) and they actually interact with dopamine in interesting ways
(Brimblecombe& Cragg 2015. Furthermore, even though substance P and enkepheive
been recently proposed as possible chemicatim®rs of action sequence chunking (Buxton
et d., 2017), their specific roles in behavioare notcompletely clearin this section we will

review the roles of substance Rndenkephalinin the striatum and irbehavioural patterns

1.5.1 Substance P

Substance P (SP) is part of a family of neuropeptidésdd@achykinins that is present both in

the central and peripheral nervous systems. Its effects are mediated primarily thidigh

receptors, a Grotein coupla receptor, but it also binds to NK2 aNK3 receptors in a lesser
degree(Rupniak & Kramer, 2@). In the central nervous system, NK1 receptors anitb8#

can be found in the basal gangliaucleus accumbens (NA@mygdala, thalamus and
hypothalamus, amongst othareas In the basafjangliaspecifially, NK1 receptors an&P

fibres can be foudin SNr, globus pallidudlAcandstriatum, however, cell bodies containing

SP are only present in striatum and N&A¢ Kdzf &> VvdZA NAR2Y S [/ KNRYy gl f
1984 Ribeireda-Silva & Holdlt, 2000).

In the striatum, P is mainlyreleased bydirect pathway MSNs, and SPolitons mainly
target other MSNsprimarily at the dendritic shaftsand spinesthough they also contad
striatalinterneurons(Bolamet al.,1986;Bolam & 1zzo, 1988)\ccordinglyNK1 receptorgan
be found both postsynapticallyon cholinergic and GABAerggtriatal interneurons and
presynapticallyon axon terminals contacting MSNsost likely afferents from cortex or
thalamus(Jakab & GoldmaRakic, 1996 Chenret al.,2001; Chenret al.,2003.

Substance hfluencesneuronalactivity through different pathways. First of all, although
NK1 receptors have not been reported in M@INsctly, it has been demonstrated that SP can
directly elicit depolarizationof MSNs(Blomeley & Bracci, 2008Yhis isbelieved to be
mediated by presynam effects, sinceSP has been shown t@acilitate the response of
neighbouring MSNs to glutamatergic inputistough presynapticNK1receptors(Blomeley,
Kehoe & Bracci, 2009s shown irFigure6, if a MSN is regatedly activated before a cortical
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input arrives to a second neighbouring MSN (SPN2), the response amplitude of SPN2 increases
over time, suggesting some kind of letegm plasticity mediated by SP (Bracci, Overton &
Gurney, unpublished data). This couteéan that SP connections between MSNightbe
helencode the order in which two neurons are repeatedly activated by cortical inputs.
A similar finding has been showmthe spinal cord of lampreyd has been reported that
P facilitates the response tcedcending reticulospinal inputsy potentiating glutamatergic
transmission, which ultimately &els the network to a more stabland higher frequencyf
bursting whichbehaviourallyg 2 dzf R £ SI R (2 FlFaGSNJ FyR ao6SG0S

(Parker, Zhang &riliner, 1998)Whether thisisalongterm effect in spinal cord is not known.

responses not preceded by spikes in other SPN  responses preceded by spikes in other SPN

........
......
..........
----------------
.......................................................................

SPN2 responses (mV)
SPN2 responses {mV)

0 50 100 150 200 250 300 (] 50 100 150 200 250 300

response number response number

Figure6. Long term plasticity mediated by SP. Data from mgarecording experiment showi
that the amplitude of the glutamatergic responses in a spiny projection neuron 2 (SPN2) th
preceded (right) or not (left) by spikes in another SPN. Glutamateggjmonses displayed a line
increase when they werpreceded by spikes in another SPN as shown in the left plot (E
Overton & Gurney, unpublished data).

Besides directly affecting MSNsther post or presynapticallgpplyingSP to striatunhas
also been found toproduce excitatory responses in cholinergic interneuroingreasing
acetylcholine Ach) levels in freely moving rat@ndersonet al., 1993; Aosaki& Kawaguchi,
1996).Furthermore it has also beereported that SP released by direct MSNs causes a long
lasting potentiation of indirect MSNBrough cholinergicinterneurons in NAG suggesting SP
might play a fundamental role in communication between the direct and indirect pathways
at least in NAc (@&nciset al.,2019)

Finally, sveralstudies havdounda modulatory effect o8° on dopamineAlthough there
isno consensus on wheth&P increasesr decreases dopamine ie striatum (Gygi et al
1993 Tremblay et a) 1992; Gauchet al.,1996 Kraftet al.,2001); Brimblecombe and Cragg

(2015) have proposed thahe mixed resultsconcerningSP anddopamine are due to a
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different effect of SP on matrix and striosomd®sj0 biochemical compartments of the
striatum (Crittenden & Gaybiel,2011) Their results suggest that SP uguéatesdopamine
only in striosomesinhibits it at the striosomanatrix boundariesand leaves it unaltered in
matrix.

These resultsuggest tha8Peffects on striataloutput are manifold thus, not surprisingly,
studies in whichSP, NK1 agonists or antagonists have been injected, either locally or
systemicallyhaveproduced numerousesaults in behaviour In terms of general locomotion,
systemic injections of SPhave been reportedo increase behavioural output, with increased
locomotion, grooming, scratching and rearingaving been reported(Hall et al., 1987,
Greidanus & Maigret, 198&atz & Gelbart, 1978Accordingly, blockin§Phas been found
to inhibit stereotypical behaviour@uffy et al.,2002) However, others have reported that
mice injected with NK1 antagonist and mice lacking NK1 recepotsally display
hyperactivity or o effect on locomotion (Kertes et al., 2010; Yan et al., 2010; Porter et al.,
2015). Eitherway, hese effectsof SP onbehavioural outputhave been suggested tde
partially regulated by dopaminesinceintrastriataly blockingNK1 receptorslecreaseghe
locomotion induced by D1 agonists dopaminerelated drugs like amphetaming@®uffy et
al.,2002 GonzaledNicolini & McGinty, 2002; Krolewski, Bishop, & Walker, 2005

Sudiesaboutthe role of SPin the serial orgarsation of behaviouhave beeninfrequent.

To my knowledge, the only studiggat have analyse@PQdle in serial action selectidiasks
have used the &hoice serial reaction time tasf,task thatuses random eguencesf nose
pokes guided by light. Usingisttask, it has been found tht mice lacking NK1 receptors
display a greater percentage of amions in the sequencé.e. they fail to respond,
perseverationspremature responsegsnd they akelongertimesto retrieve the reward’Yan

et al, 2011; Weiret al., 2013; Porter et al, 2015).Overal| these resultsuggest that mice
lacking NK1 receptors display disrupted action selection in a sequem@atered task.
Although interesting the structure of the task (i.e. random sequences with guiding stimuli)
probably means that the e were not able talevelopintegratedsequencs.

Fnally, althoughSP has been linketb memory and learningthe results have been
inconclusive. While@ne havereportedthat SP facilitates learning anidat it hasrewarding
properties; others have repted that administration of SRctuallyimpairs learning (Tomaz &

Nogueira, 1997Kertezet al., 2010; Lenardet al., 2018). Thus, overall SP is believed to
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mediate in some way memory and learning most likely through interactions with the
dopaminergic anctholinergic systemsalthoughits specific role is still a matter of debate
(Lenardet al.,2018).

1.5.2 Enkephalin

Enkephalins anendogenous opioid neuropeptidthat acs mainly throught and p opioid
receptors,both G-protein coupled receptorsEnkephalins widely expressed in the nervous
system, with high concentrations in the amygdala, NAc, periaqueductal grey and
hypothalamus amongst others.n the basal ganglian particular,its highest concentration
can be found at the striatum and globus pallidaisd in both structuresell bodies contaimg
enkephalincan beobserved(Miller & Cuatrecasas, 197Bigham,Hood, & Arnuthnott, 1991
Mallet et al., 2012

Enkephalinis locally released by indirect MSMhisthe striatum with enkephalin boutons
mainly argetng dendritic shaftof other MSNs andin a lessedegree low threshold spiking
and cholinergicinterneurons (Somogyt al., 1982 Martoneet al.,1992 Elghaba & Bracci,
2017). Furthermore, GPe arkypallidal neurons that project back to the stmatue also a
source of enkephalin in the striatum (Mallet et al., 201&gcordingly,t and p opioid
receptors are highly expressed postsynapticaliythe soma, dendrites and spines BISNs
and some interneurons; and presynapticallyaxon terminals which could belong to cortical,
thalamic or dopaminergic afferents (Hamel & Beaudet, 198@ng & Pickel, 2001).

It has been suggested that enkephalin functions as a way to control of the excessive
activation MSNs due to the action of some neurotransmittersdideamine (Steiner & Gerfen
,1998). Electrophysiological studies have revealed thetrtkephalin releasg by MSNsin
striatal slices produce long term depression(LTD)of excitatory inputsto other MSNs
suggesting a lonterm plasticity mechanism, and another form of communication between
MSNs(Blomeley & Bracci, 201 Btwood, Kupferschndit, & Lovinger, 201 Moreover, this
form of LTD arisefrom a reduction in presynaptic glutamate releggeduced byenkephalin
action on p opioid receptorgliang & North, 199Blomeley & Bracci, 2011)

There is also somevidence suggestg enkephaln interacs with dopamineand GABA
Depleting the striatunof dopamine by lesioning the nigrostriatal pathway leads to an increase
in the production ofenkephalin (Ingham, Hood, & Arnuthnott, 199&urthermore, given that
opioid receptors are also presemt several types of striatal interneurons, DAMGO (a pu opioid
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receptor agonist)has been found tanhibit both cholinergic and low threshold spiking
interneurons in strigal slices(Elghaba & Bracci, 201N aloxoneadministration an opioid
receptor antagnist,reducesdopamine releasand increase GABAN the GPthe main target

of indirect MSNgMabrouk et al., 2011) Therefore, & in the case ofP, the location of
enkephalin fibres and receptors suggest that this neuropeptide modulates striataltyactivi
output through several local interactions.

At the behaviouralevel treatment withp opioid receptor agonisDAMGQn the striatum
has been related to an increase in repetitions, frequency, duration and spatial distribution of
stereotypic behavioursinduced by methamphetamine (Horneat al., 2012).In terms of
learning it has been reported that naloxongubcutaneously administeredisruptslearning
in aplace preference conditioningsk(VargasPerezet al.,2008 Tsenget al.,2013). In terms
of memoly, injections ofu opioid receptoragoniss, such amorphing disrupt the persistence
of memory, both in spatial and fear conditionitesks without affecting locomotion(UKkali,
Watanabe & Kameyama, 20 Kitanaka et aJ 2015; Prto et al.,2015).

In canclusion, although thestriatum, and in particular its dorsolateral aspect, has been
heavily implicated in action sequence acquisition and performance, the mechanisms behind
action sequence concatenation remain elusiVee recent proposal of Buxtaet al. (2017)
that the release of neuropeptides substance P and enkephadmd be important for the
serial organisation of action sequences is interesting given ttinege neuropeptideshave
been reportedo modulate striatal output in several way§o my knowedge although several
electrophysiological studies have revealed the complex interactions mediated by these two
neuropeptidesin the striatumand other basal ganglia nuclénere islittle behaviouraldata
to date that directly explorestheir role in the serial organisation adction sequencesThus,
the objective of the present thesis to analyse the role o8 and enkephalin in the
assemblage and performance of behavioural patterns using as behavioural models both
innate and learned seantial pattems. Finally, to try to understand something about the
computational role of substance P in learned action sequences, weRisaeddels.

Thefirst studyreported in chapte2 was designed to study the role 8 and enkephalin
in innatesequential behavioral patterns, with a particular interest in the grooming chaifo
do this,NK1 receptor antagonist133,060 and and p opioid receptor antagonist naloxone

were injected indifferent groups ofrats in an openfield experiment Both the highly
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stereotypedinnate grooming chain and more flexible locomotion and exploration behavioural
sequences were analysed using temporal Matkovanaly®s.

The experiments reported in chapter 3 were performed to analyse wdrethe effects
observed in innate behaviourglatterns found in the first study would translate to learned
behavioural sequence®Ve used an operant chamber with two levers and trained rats to learn
heterogenous sequences of two responses. Again, we sysagninjected 733,060 and
naloxone in diérent groups of rat$o testwhether blocking substance P and enkephalin had
an effect in learning and memory of action sequences.

Finally, the last study presented in chapter 4 is a modelling exercise toefut to
understand the experimental resultebtained when substance P was blockad a
reinforcementbased sequence learning tasko do this wause the temporalifferenceRL
algorithm which has been implicated in habitual learning. 8astructed @ RL model that
replicated the experimental datalbtained in study 2 and then tested several biologically

constrained hypotheses abottie role ofSPin action sequence learning
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Chapter 2 The role of substance P and enkephalin in the sequentaald
temporal organisation ofgrooming andactivity patterns

2.1 Introduction
The process of integrating individual actions into coherent and organised behavimits|
has been called chunkin@raybiel, 2005; Jin, Tecuapetla, & Costa, 2014; Lashley). 1951
Although many times the spontaneous behavioural patterns displayed by anisoals,as
rearing, sniffing, scanning and grooming, seampparently undirected and unordered
(Renner, 1990; Lever et al., 2006)etinnatestream of behaviour tends to grougself into
Gy FGdzNF £ dzyAGaéeés |Y2y3d gKAOK GKS Y2ad Sl aaift
(Drummond, 1981)innate patterns provide a behavioural model to study action sequencing
in a relatively istated preparation, sinceofounding cognitive mechanisms, such as learning
and memory are minimalKalueff et al., 2007).

One innate beheioural pattern that has been extensivalgedto studyaction sequences
is the grooming chain displayed by rodents,ianate sequence of four phases executed in a
specific order with a cephalcaudal direction(Kalueff, Aldridge, LaPorte, Murphy, &
Tuohimaa, 2007)Once the firsphase of the grooming chain is performed, the probability
that the rest of the behaviours will be completed in the sameewris around 0.%r higher
(Berridge, Fentress, & Parr, 198Berridge, 199D Thus, the ordered execution of the
grooming chain is thought to be the resultaé#ntralsequencing mechanisms, regr than of
random processes

The sequential implementation of the grooming chain is believed to depend on the
striatum. Lesionsto the striatum disrupt thesequentialcompletion of the grooming chain,
while lesions to other brain structures with a role nmotor control systems, such as the
cerebellum, globus pallidus, primary and secondary motor cortex or the entire neocdadex
not produce lasting effects on its sequential organisati@erridge & Whishaw, 1992;
Cromwell & Berridge, 1996; Tartaglione et al., 20H8)rthermore,the execution of the
grooming chain caelates with a significant increase sifiatal activity, that is only observed
if the behaviours are performeid the corect order(Aldridge & Berridge, 1998)his increase

in striatalactivity also occurs during the executionather ordered sequencessuch asvhen
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transitioning fromrestingto active periods suggesting a general role for the striatum in
sequential patterns(Aldridge, Berridge, & Rosen, 2004)

Athough striatal involvement in chain gnmang and other sequential behaviourboth

innate and learne@nes hasbeen demonstratedn severalsequentialtasks(Jog et al. 1999;

Jin & Costa, 2015; Nakamura et al. 2017, mechanistic substratef action concatenation

is not fully understood Conputational modelling studies have suggested that two
neuropeptides abudant in the striatum, substance P and enkephalin, are key candidates for
the regulation of the striatal activity responsible for action sequences (Buxton et al., 2017),
given that theyhave beerfound to facilitate and inhibitthe response of neighbourirggriatal
neurons(Blomeley, Kehoe, & Bracci, 20@omeley & Bracci, 2011)

Although substance P and enkephalin have been linked to cognitive processes, such as
learning and memor{Hasendohrl et al., 2000; Huston & Hasendhrl, 1995; Lénérd et al.,,2017)
their role in behaviour has generatadconsistentevidence(GonzaleNicolini & McGinty,
2002; Horner, Hebbard, Logan, Vanchipurakel, & Gilbert, ;2dd®ewski, Bishop, & Walker,
2005; Yan et al., 201T)hus, m the present studye sought to researcthe roles of substance
P and enkephalin ithe serial orgarsation of innate behavioural patterngpocusing on the
innate grooming chain displayed bbgts, a naturally highly ordered sequenand in other
more flexibleactivityand grooming patternsTotestthe role of substance P and enkephalin
animals were injected with either a substance P or an enkephalin antsigat two doses
each, and their bhaviours were analysed to detect any changes in their sequeatial
temporal organisation Based on the basal ganglia model from Buxton et al. (2017) it can be
predicted that disrupting substance P should lead to a kigdawvn in the transitiosbetween
the behavious ofsequences, whereas disrupting enkephalin should lead to an increase of the

interruptions inside the sequences.

2.2 Methods
2.2.1 Subjects

Twentyfour male Lister Hooded rats (4@D0 g), approximately I&veekold, purchased
from Charles River, weresed in the experiment. All rats were housed in pairs and maintained

in a 12h light/dark cycle with free access to food and water. All procesluvere performed
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under the Scientific (Animal Procedures) Act 1986 and in accordance with the ethical

guidelines of The University of Sheffield.

2.2.2 Experimental groups

Rats were randomly assigned to two groups. One group (n = 12) received an intraperitoneal
injection of NK1 receptor antagonist/33,060 (Tocris Bioscience, Abingdon, UK), blocking
{t Q4 YI A WalfeiSHe stslin 2nNXroup received a low dose ofi@kg, and half a

high dose of 4 mg/kg. The other group (n = 12) was injected intraperitoneally with naloxone
hydrochloride (Alfa Aesar, Lancashire, UK)aad! receptor antagonist, blocking two of the
main opioid receptors at which enkephalin actst #os group, half of the rats received a low
dose of 4 mg/kg, and half of the rats a high dose of 8 mg/kg. All drugs were injected in a
volume of 1 ml/kg. As a otrol, each rat was injected with an equivalent volume of sterile
saline solution on a sepaeday. In total there were four groups according to the drug and

dose injected Tablel).

Groups Substance P blocked Low dose
(NK1 receptor antagonist) 2 mglkg
(n=12) (n=6)
High dose
4 mg/kg
(n=6)
Low dose

Enkephalirblocked

(Land+ opioid receptor 4 mg/kg
antagonist) (n=6)
(n=12) High dose
8 mg/kg
(n=6)

Tablel. Experimental groupaccording to antagonist and dose used.

2.2.3 Procedure
Each rat was individually placed in a transparent open field box (30 x 30 x 30 cm) for five
consecutive daysAnimals were allowed to freely move within the recording chamber,ahd

grooming behaviours we spontaneous they were not triggered with water since this has
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been reported to cause more disorganised grooming (Kyzar et al., 2011). The first three days,
animals were allowed to habituate to the test box for 1 h each dayth@ fourth day, half of

the rats from each group received an injection of the drug, eithéB83,060 or naloxone, and

half received an injection of saline solution. On the fifth day, the rats that on the previous day
had received the drug were now inject with saline, and the ta that had received the saline
injection were now injected with the drug, in a counterbalanced design.

In pilot studies we found a very fast effect of both drugs, thus each rat was placed in the
box 15 min post injection, and iteehaviours were recordetbr 1 h. We used two cameras,
one was located in front of the box and the other one in the back of the box. Mirrors were
positioned on the top and the sides of the box, and a light box was kept between 800 and
1000 lux, providingeven illumination from bew (Figure7). White noise was present in all

sessions to mask external noises.

Figure7. Open field box (30x30x30 cmith two mirrors on the sides and one ohe top, a light box
on the bottom and two cameras, one recording from the front and one from behind.

2.2.4 Behavioural videeanalysis

The software Observer XT 11 was used to classify the behaviours registered iretieeintd
seven standard open field behavi@l categories: moving, still, sniffing, rearing, grooming,
grooming chain and scanning. Grooming bouts were divided into chain anethzom
grooming to be able to detect any specific changes in the highly digrieal grooming chain.
All grooming episdes were further classified into: elliptical strokes, unilateral strokes,

bilateral strokes, body licking, paw licking and intrusions. More detailed descriptions of each
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behavioural category are shownTable2 for general behaviours and rable3 for grooming
behaviours.

The criterion to identify the initiation of a grooming chain was the execution of its first
phase, the very fast and tight elliptical strokes, which ardgur at sub speed when the
grooming chain is being executed. Furthermore, we were particularly interested in recording
interruptions inside the grooming chain, since it has been suggested that they could indicate
weakening of serial order implementatigialueff etal., 2007). Thus, interruptions inside the
grooming chain were defined as any behaviour not belonging to the four stereotypical phases,
including momentarily stopping for 400 ms or longer.

All behaviours, both general and grooming, were dfeext as mutally exclusive
categories, meaning that two behaviours could not occur at the same time. A second observer
blind to the treatment classified a randomly selected sample of 40% of the grooming chains
(95 out of 233). We found an agreement of 96&ween theil 62 20 A SNIISNAR | YR

Kappa coefficient of 0.95, thus we considered the observations to be reliable.

Behaviour Description

Rearing Standing on back paws with the body in a vertical position leaning
not towards any wall.

Sniffing Bumpingnose repeatedly against the ground, walls or corners of t
test box.

Scanning Large head orienting movements, usually accompanied by sniffin
the air.

Moving Moving from one place to another, and big changes in posture aft
long periods ofnactivity.

Still Inactivity and momentarily stopping between two actions.

Grooming Any grooming behaviour, such as paw licking, unilateral strokes, ¢
non-including the grooming chain.

Grooming chain Determined by the initiation of very fastliptical stokes usually
followed by unilateral strokes, bilateral strokes and body licking.

Table2. Ethological classification of general behaviours.

Behaviour Description

Paw licking Licking frontal paws.
Elliptical strokes  Very fast, srall strokes close to the nose.

Unilateral strokes Very small, small or medium unilateral paw strokes along the
mystacial vibrissae.
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Bilateral strokes  Large symmetrical or sersymmetrical bilateral strokes, usually
extending over the ears. Paw strokesre@llowed to start with
small time and amplitude differences.

Body licking Bout of licking over the lateral and ventral torso, sometimes

including the genitals.
Table3. Ethological classification of grooming behaviours.

2.2.5 Data amalysis

2.2.5.1 Statistical analysis

Mixed effects ANOVAs were conducted to compare the effect of the within variable
treatment (drug vs saline) and the between variable dose (low vs high) on the frequieney
probability and duration of the behaviours. Bonfeni corrected post hoc tests were
performed when an interaction was found to be significant. Statistical significance was
established ap <0.05. Data are shown as mean and SEM. All statisticalyses were
performed using the R studio software environmbeexcept for Fpattern analysis (described

below) which was performed using the software Theme.

2.2.5.2 Transition analysis
A behavioural pattern can be defined as a probabilistideterministic sequence of acts
(Drummond, 1981). One of the most common medsdo describe behavioural patterns is
through transition probabilities between defined behavioural modules. In this case, we used
both first and higher order transition probatiiés between our behavioural categories to
model the behavioural patterns difie rats.

We began by obtaining first order transition probabilities for general activity and grooming
chains. For the case of activity, we obtained first order transition prdib@sibetween active
and inactive states. To do this, the behavioural catégo aa G At f ¢ gl & O2yaAR.
whereas all other behaviours were considered as activity. In the case of grooming chains, first
order transition probabilities between it®ur phases were calculated. Given that when the
drug was injected, rats ptarmed significantly fewer grooming chains, the transition
probabilities were calculated by pooling the chains from all the rats in each group, in an

attempt to avoid spurious ifdition of the probabilities.
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To quantify how fixed or random the first ordigansition probabilities were, the transition

entropy was calculated as follows:
O B naé¢q (1)

where pjiis the probability that behaviouris followed by behaviour, andn is the total
number of unique behavias. An entropy of zerd: = 0, indicges that a transition was
completely fixed, that is, behaviopwas always followed by the same behaviauVhereas
H = 1 indicates that the transition was completely random, meaning that after behayadur
other behaviours were equally likely to @a (Miller, Hilliard, & White, 2010) The value of
the entropy ranged from O to 1 because entropies were normalised by the largest possible
entropy, which occurs when all behaviours have shene transition probability.

A higher orderrelationship between behaviour means that the probability that a
behaviour will occur depends not only on the behaviour performed-tome step ago (i.e. a
first order relationship), but also on the behaviour femed twotime steps ago (i.e. a
second oder relationship), thredime steps ago (i.e. a third order relationship) and so on.
This is in fact the definition of a sequence, the dependency of the current action on previous
actions (Dezfouli & Ballenine, 2D).

However, if we tried to fit a full M&ov model of all the higher order relationships
between our categories, we would see that our model would grow exponentially. For
example, for the case of general behaviours we have a finite categorical spacatefjories:

X ={grooming, grooming chascanning, sniffing, moving, rearing, still}. If we were to use the
complete Markov model of the third order, we would have to obtain 73 = 343 probability
vectors. It would be computationally challenging to aédee this full Markov model capturing

all possible transitions, and it is unlikely that a living being has a representation of all of them.
Thus, to parsimoniously model higher order relations between the behaviours, we fitted
Variable Length Markov Mode(VLMM) using the R package VL(Wachler & Buhlmann,
2004) In thistype of Markov model, the current behaviois allowed to depend on a variable
number of previous behaviours, thus, not all transitions are present in the model, only those
that significantly add information to predict the following behaviour, thus gigisgarser and
more flexible way of modefig behavioural time serigdlachler & Buhlmann, 2004)

The resulting VLMMs are awn as Prediction Suffix Trees (PST). Theséreestructures
where the branches show the higher order sequences that significantly predict the next

behaviour. Associated to each node of a PST there is a probability distribution of the next
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behaviour, wiich can be used to generate or predict siiecsequences. To calculate these
models, the data from all the rats of each group were concatenated together, obtaining a
single VLMM per group. To constrain the construction process of the model, behavioural
sequences were only included in the VLMM lileyy appeared a minimum of 18 times for
general behaviours (3 per rat), and 12 for grooming behaviours (2 per rat) and the significance
level was established at<0.05(Maubourguet, Lesne, Changeux, Maskos, & Faure, 2008)
To make an overall comparison of two VLMM modAlsnd B, we used a probabilistic
divergence measurement, which compares how simitavty models predict the occurrence
of a semence (Juang & Rabiner, 1985; Gabadinho & Ritschard, 20T6) compute this
divergence, we generated= 5000 sequences of lengtih = 10 with model;A, and then, we
used model B to predict these same sequences. In forenals, the probabilistic divergence
of modd AandBis calculated as:
0O -B — aé&é9— 2)
wherex;is theith sequence generated by mebtA, andPa(x) andPs(x) are the predicted
probabilities for theith sequence by modeh and B, respectively. Therefore, if both models
make very similar predictions about the sequences, then® The bigger the value of |D|,
the more differentthetv2 Y2 RS Q& Thish@&asuke@entisshgt dydmetric, thus the
distance between modeA and B is not the same as the distance between mod@ksnd A
(Gabadinho & Ritschard, 20L6I'his makes sense if we think of nested modélmodelBis
a portion d modelA,then sequences produced by modeWill be poorly estimated by model
B; however, sequences produced by mo&ekill be accurately predicted by modal since

model A has all the transitions probabilities of moBebut not the other way around.

2.2.5.3 Temporal analysis

Given that Markov analyses only take into consideration the serial order, but not the time
when the behaviours were executed, we further explored the data by carrying-pattérn
analysis(Magnusson, 2000)T-pattern analysis does not only cader the order of tle
behaviours, but also the time distances between them, adding another dimension to the
analysis. Fattern analysis returns the number and length of the significant temporal
patterns found in the data. These two measurements have hesed as indicatorsfeize and

complexity of behavioural repertoires (de Hass et al., 2011; Casarrubea et al., 2019). We

62



performed the Tpattern analysis with the following parameters: we used fast intefyals

lump factor of 0.9, a significance level @f <0.001, and miimum occurrencesf 3 patterns

per rat. The significance level was set very strict to discard spurious patterns and the rest of
the parameters were set as suggested by Magnusson (2000) when exploring a data set. The
temporal patterns fomd were further chssified into short (3 behaviours), medium {8

behaviours) and long (6 or more behaviours).

2.2.5.4 Partial and simulated data

Given that some of the transition and temporal analyses used here are sensitive to the
amount of data, and there v&a significant r@uction in the behaviours due to the drug
injections, we reran some analyses with reduced amounts of data to explore whether the
decrease of behaviours was a possible alternative explanation. Finally, we simulated data in
which behavious were: 1) randomyl shuffled, 2) modelled as independent from each other,
and 3) modelled as if only first order relationships existed between them, and then compared

these simulations to the control and treatment data.

2.3 Results
2.3.1 Effects of blocking substece P

2.3.1.1 Time, duraion and frequency of behaviours

We first wanted to address whether blocking substance P receptors had significantly affected
basic properties of behaviour such as its duration, frequency and total time active/inactive.
Injecting the NK1aceptor antagonist-733,060 significantly increased the total time rats
remained inactive, with a significant main treatment {#= 14.5, p = 0.003) and dose effect
(FL10= 7.3, p = 0.0ZFigure8a). This increse in inactivity seems to be partially due to a
significant increase in the duration of the inactive episodes, which went from around 10 s to
almost 20s (F11= 9.2, p = 0.0JFigure8b). At both doses, this increa in inactivity led to a

significant reduction on the proportion of time rats spent rearingi{E 6.7, p = 0.03 sniffing

11f we have behaviour A occurring at time& 6 Aa), &nd veMayiour B occurring at timegt ¢ 2p), I M XY
then, to search whether behaviours A and B occurred significantly closeendienmust define the interval4t
+ di, ta+ @] and search for occurrences of B in that interval. Inst ifsterval d is set to 0.

2 The lump factor establishes the transition probability at which two behaviours are grouped as a unit by the
algorithm¥ 2 NJ FAdzNIKSNJ Fylfeaidad ¢KFEG Aaz f2¢ OFfdzSéd 2F (KS
together. Values between 0.7 and 1.0 are recommended.
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(F,12= 12.9 p = 0.004), grooming {x = 9.0, p = 0.01) and chain grooming,(= 7.9,p =
0.02), as shown in the plots &iigure8c. The duration of all general behaviours, that is,
rearing, sniffing, etc., was netgnifcantly changed by the drug injection.

In terms of grooming, the duration of the grooming boutsif= 1.7, p = 0.22) and of the
grooming chains ¢h1= 1.2, p = 0.3Figure8e) were not significantly affected hpe NK1
receptor antagonist. Furthermore, the duration of each individual grooming behaviour, that
is, unilateral strokes, body licking, etc., were not affected by the drug injectiorereith
Nevertheless, there was a significant reduction in the numbgrodéming chains performed
when SP was blockedi(fr= 12.3, p = 0.00%;igure8d). In summary, blocking NK1 receptors
significantly decreased the amount of active behaviours performed, decreasing the time rats
spent rearing, sniffing, grooming and chagnooming. In terms of durations, with the
exception of remaining still, blocking NkKe&ceptors did not affect the duration of any of the

general or grooming behaviours.

2.3.1.2 First and higher order transitions betweeehmrviours

General behaviours

In the most general way, the behaviour of an animal can be divided into active and inactive
states. The alternation between these two basic states has been proposed as a useful way to
describe the general locomotion of animaiMaubourguet etal., 2008) We found a
significant treatment effect on the transition probabilities from active to inactive stefes (

= 174, p=0002), and a marginally significant treatmentxdose interactiBno= 35, p =

0.08). Thus, when NK1 receptors were blocked there was an increase in the probability of

0.6 I
2
2 T
S04 Treatment
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;,2 NK1 antagonist
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F02
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2 4
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Figure9. Transition probabilities form active to inactive states when saline and NK1 rece
antagonis were injected at a low (2 mg/kg) %r%d at a high (4 mg/kg) dose.



transitioning from active to inactive states, particularly in the high daseig This possibly

indicates a breaklown in the fluency of the behaviouFigure9).

We were also interested in analysing whether higher order transitions between behaviours

had been affected by the NK1 antagsini-733,060, thus we computed the VLMM for each
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Figurel0. Prediction suffix trees of the general behaviours showing the significant first, seconc
and fourth orde relationships found in each group. Top diagrams, a) saline and b) 2mg/kg, st
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group. The PSTs displayimg tsignificant 1st, 2nd, 3rd and 4th order sequences found in the
general behaviours of the rats wher/B3,060 and saline were injected are showrrigure

10. When either salineRigurel10a, Figure10c) or the drug at a low dosé-igurelOb) was
injected, the PSTs wesgmilar, with between 21 and 25 sequences found. On the other hand,
whenl-733,060 was injected at the high dose, there was a small reduction in the higher order
sequences of the general behaviours, with no significant third or fourth arelationships
found between general behaviourBigurel0d).

To obtain a more quantitative measurement of the difference between these VLMMs, the
probabilistic divergence between the saline an@33,060 VLMMs was calculated lath
doses. Moreover, we wanted to explore the divergence of the saline and drug VLMM with
two other models: 1) a model in which behaviours were simulated to be completely
independent from each other (i.e. a zeooder model); and 2) a model whose behav®u
were simulated to depend only on one previous behaviour (i.e. adirder model). If either
of these models accurately predicts the results from the experimental data, then the
divergence between them and the saline 6733,060 VLMM should be close zeo. The
larger the divergence values get, the less likely it is that the experimental data was the product
of any of these assumptions.

Results are shown in Table 4, where the values displayed in the cells are the divergences
between the models in theorresponding row (in bold) and column (in italics). The models in
the rows (in bold) were the ones used to produce the sequences. Thus, a divergence larger
than zero indicates that the models in the columns (in italics) were not able to accurately

predictthe sequences generated by the models in the rows. It is important to note that

Low dose Saline VLMM L-733,060 VLMM 0% order model 1storder model

saline VLMM T 0.07 0.46 0.07
-733,060 VLMM 0.03 T 0.45 0.06
High dose
saline VLMM T 0.08 0.45 0.06
-733,060 VLMM 0.05 T 0.47 0.06

Table 4. Probabilistic divergence between general behaviour VLMMs when NK1 receptors were
blocked with £733,060. The values in the cells show the probabilistic divergence between the models
in the corresponding rows and columns. The top rows show low dose results, and the bottom rows
the high dose results. The models in the rows were the ones used to generate the sequences needed
to calculate the divergence.
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because the divergence is not a syntnmal measurement, the divergence betweén
733,060 and saline VLMMs does not need to be the same as the divergence between saline
and -:733,060 VLMMs.

Overall, it seems that the predictions made by the saline ari83,060 VLMMs for general
behavioural squences were very similar, as indicated by the relatively small divergences
found between them, which ranged from 0.03 to 0.08, at both doses. Thus, blocking NK1
NBEOSLIi2NER R2Sa y244 aSSy (42 KIS KFIR | adNRy
structure, besides removing somé& #rder relationships at the high dose group as shown in
FigurelO.

Furthermore, the largest divergence for all salimeld-733,060 VLMM models was with
the zeroorder model, suggestg that general behaviours are not independent from each
other, even when the drug is injected. On the other hand, both saline af28/060 VLMM
had small divergences with thé!brder mode| which suggests that a first order relationship
explains a lotof the transitions between general behaviours. This make sense given that
exploration patterns are more variable sequences, so although there exist some higher order

sequences, a lot can be@ained by first order transitions.

Grooming behaviours
Figurellshows the first order transition probabilities between the four stereotypical phases
of the grooming chain, with low dose results on the top diagrafguiella andFigurellb),
and high dose results on the bottom ondsigurellc andFigurelld). Only probabilities
above 0.10 are shown and red arrowslicate the transition probabilities that changéxy
0.10 or more when 433,060 was injected. These diagrams suggest that the first order
transition probabilities between the four stereotypical phases of the grooming chain tended
to decrease when NK1eeptors were blocked, with the largest changedhia middle portion
of the chains, that is, from unilateral to bilateral strokes, and from bilateral strokes to body
licking. Behaviourally, when rats were injected witi733,060 they tended to skip middle
elements more frequently, and they momentarily spmal before reaching the last element
of the sequence more frequently than under control conditions. Thus, these results could be
indicating a break down in the fluency of the sequence performance.

This clange in transition probabilities was reflected isignificant treatment effect on the

transition entropies 5 = 7.9, p = 0.04,Figure 11e). Entropies were significantly larger,
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meaning that the transitions with the grooming chain were more variable wheii33,060

was injected. It is worth noting that there was a small incesasthe entropy in the grooming
chains of the saline group of the high dose group. This could be due to an order effect, given
that halfof the rats received the-£33,060 injection before they received the saline injection,

and the higher dose could have had more lasting effects.
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Figurell. Transition diagramg®wing the first order probabilities between the four stereotyp
phases of the grooming chain when rats were injected with saline &f8B|060 at the low dose
and b) and at the high dose (c and dhlytransition probabilities higher or equal to1@. are
displayed, and the red arrows indicate the probabilities that changed by 0.10 or more w
733,060 was injected. (e) Mean transition entropies of thieotder transitions between th
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We also wanted to explore if the transition structure of the overall grooming bouts, that

is, including chia and nonchain grooming, had been affected by blocking NK1 receptors.

Again, we used VLMMs to analyse the higher order structure of the groomintg boeach

group.Figurel2 shows the PSTs with thé!12"d and 3" order sequences found when saline
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and -733,060 were injected at the lowrigurel2a andFigurel2b) and at the high dose
(Figurel2c andFigurel2d).

These decision trees suggest that blocking NK1 receptors at both doses produced an
important reduction in the number of"? and 3¢ order sequences found in the grooming
bouts. The effed wee stronger in the high dose group, in which the PST is mostly formed of
first order transitions Figurel2d). Interestingly, the third order transon of the grooming
chain that links the four phases together, thi, P(Body lickingElliptical b Unilateral ¢
Bilateral strokey was not present in the PST of the high dose drug group, which does not
mean that the complete sequence did not happenheatit indicates that this higher order
transition was less fixed and frequent when the drug waecited in the high dose.

To quantify the difference between the models shownFigurel2, we calculated the
probabilistic divergence between the saline and33,060 VLMMs, and their divergence with
the zero (i.eindependence assumption) and the fistder model. Results are shown in

Tables. The divergence between saline (in bold) and L733,060 (in italics) VLMMs were 0.22
and 0.12 for the low and high dose, respectivdlgis means that the VLMMs obtained from
the L-733,060 datavere not able to accurately predict the sequences generated by the saline
VLMMs, particularly in the low dose group. If we look at the inverse distance, we can see that
the saline VLMMs (in italirsvere better at predicting sequences generated by t¥38,060
VLMMs (in bold), as suggested by the smaller divergences, 0.07 and 0.08, for the low and high
dose respectively. This comes from the fact that the probabilistic divergence is not a
symmetricd measurement. Thus, although saline models are good aliptiag sequences
generated by the {33,060 models, given that then33,060 VLMMs are a reduced version

of the saline VLMMSs, this is not true for the reverse case.

Low dose saline VLMML-733,060LMM 0% order model 15torder model

saline VLMM T 0.22 0.56 0.24
L-733,060 VLMM 0.07 T 0.49 0.11

High dose

saline VLMM T 0.12 0.45 0.11
L-733,060 VLMM 0.08 T 0.44 0.04

Table 5. Probabilistic divergence between groomind-MMs. The cells show the probabilistic
divergence between the models in the corresponding row and column. The top rows show low dose
results, and the bottom rows the high dose results. The models in the rows tiverenes used to
generate the sequences talculate the divergence.
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Number of sequences

Furthermore, the largest divergence of both saline ard3B8,060 VLMMs was with the
zero-order model (fourth column), which indicates that assuming independence between the
grooming behaiours is not a good predictor of the seques produced by the rats, with or
without the drug. Finally, the L733,060 VLMMs were closer to the first order model than the
saline VLMMs, suggesting that a model assuming only first order relationship betiveen t
behaviours (last column), predicts theggences produced by the drug models better than
those generated by the saline models. Overall, these divergences suggest that injecting L
733,060 made the transition structure of the grooming bouts simpler, ngakiore similar to
a firstorder model.

A posible confounding variable in the VLMM analysis is the fact that one of the effects of
injecting 733,060 was significantly reducing grooming behaviour, thus making the amount
of available data for each conditiadifferent. To see how much this reductiaffected the
analysis, we fitted VLMMs to two new data sets: 1) using a reduced portion of the saline data,
and 2) using a shuffled version of the saline data.

Figure13 shows the amount of$l, 2"d and 39 order squences found in the saline (blue)
and 733,060 (red) VLMMs displayedRigurel2, and those found when partial (dark grey)
and shuffled (light grey) data were used to fit the VLMMs. Very few sequences were found
when the behaviours were randomly shuffled (light grey bars), indicating that oultseme
unlikely to be due to random processes. However, using partial data did cause a decrease in

the number of sequences found, particularly in the high dose gréigu(el3b), but not the
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Figurel3. Number of segences of first, second and third order found in VLMMs obtained from saline
and -733,060 (red) data at the low (a) and high dose (b). Also included are the mean number of se
found when partial (dark grey) and shuffled (light grey) salinedasmwere used to fit VLMMs
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extent of the reduction produced by the drug. Thus, it seems that, at least part of the
reduction seen when the drug was injected could have been due to the decrease in
behaviours, but, as weill see in the results of enkephalin, small data sets do noessarily

lead to less structure.

2.3.1.3 Temporal patterns

Another important dimension of behavioural patterns is their temporal organisation. To
address whether blocking NK1 receptors had disedpthe timing of behaviours we ran T
pattern analysis. In the gemal behaviour sequences, that is those including moving, rearing,
sniffing, etc., almost all patterns found were formed of 2 or 3 behaviours, and we did not find
significant effects of the K1 receptor antagonist. This result indicates that despite a
reduction in the behaviours performed, general exploration patterns were not affected in
their temporal organisation.

On the other hand, whenpattern analysis was run on the grooming data, fwend that
the number of temporal patterns found was significantly reduced by the NK1 antagonist, with
a significant main treatmen& 10= 91, p= 001), and a marginally significant treatmentxdose
interaction E10= 49, p = 005). Figure14 shows the number of small, medium and long
grooming temporal patterns found when saline an/33,060 were injected at the low
(Figurelda) and high dos (Figurel4b). Multiple comparisons revealed that there was only a

significant difference in the number of temporal patterns between saline aid3,0® in
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Figureld. Number of temporal patterns found in grooming bouts when saline (blue) and NK1 ant
(red) were ifected at the low (a) and high dose (b). Also included are the number of patterns
when partial (dark grey) and shuffled data (light grey) were used to perfgraitérn analysis.

73



the high dose group. There was no significant treatmentxlength interaction, suggésing
all pattern lengths were equally affected by ther83,060 injection. These results are
consistent with the results obtained from fitting VLMMSs, which indidateat grooming
behaviours sequences were reduced both in amount and complexity.

Figure 14 also shows the temporal patterns found when partial (darkygbars) and
shuffled (light grey bars) data were used to run thgattern analysis. The results indicate
that t-pattern was very accurate in discardirapdom temporal patterns, with practically no
patterns found when the time of execution of the behawis was randomly shuffled.
However, the analysis was very sensitive to the amount of data, with reductions very similar
to those found when the NK1 antagieh L-733,060 was injected. Although the significant
reduction of behavioural activity caused by 83,060 is a possible confounding variable, it is
worth noting that, both the general and grooming behaviours were significantly reduced, and
only grooming B K GA2dzNEQ GNIYyaAdGA2y |yR (SYLI2NI f

In summary, these resultsuggest that blocking NK1 receptors had an important effect
both on the transition and temporal structure of the grooming behaviours, making the innate
grooming chain more variable, the grooming bout transition structure simpler, and the
amount of groomig temporal patterns decrease. Furthermore/33,060 increased the
probability of transitioning from an active behaviour to inactivity, without affectirigeo
higher order exploration patterns. Thus, it seems that grooming patterns, which tend to be
more stereotypical, were more disrupted by the NK1 receptor antagonist than general
exploration patterns. Finally, although the reduction of behaviours surapuants for some
of the effects seen, particularly in thephttern analysis, it is unlikely thataiccounts for all

of the effects observed.

2.3.2 Effects of blocking enkephalin

2.3.2.1 Time, duration and frequency bthaviours

We started by looking at the effectsf injectingu and ! receptor antagonist naloxone in
general properties of the behaviours. ilaind a significant treatmentxdose interactiof, (o
=612, p= 003) on the total time rats spent inactive throughout the session, indicating that
0f 201 Ay 3 x I VY RignificantySdoctehsdiéd theEbehhaviodra? output of the rats,

with alarger effect at the high dosé&igurel5a). Furthermore, this increase in inactivity was
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accompanied with a significant treatment effect on ttaration of the inactivity episodes,
increasing thensubstantially in the high dose groulp, (1= 1375, p= 0.003 Figurel5h).

This general increase in inactivity led to a reduction of the time allacédeall other
general behaviours, with a significant treatment effect on the proportion of time spent
scanning (E11= 39.17, p = 6.18x%Y), rearing F1,12= 1710, p= Q001), sniffing (1= 21.72,
p = 0.0006), grooming{= 11.96, p = 0.005)nd chain grooming ¢F1= 33.46, p = 0.0001),
and a significant treatmentxdose interaction in moving:fE 5.38, p = 0.04), which waore
reduced in the high dose group. The duration of rearing and moving behaviours was
significantly affected bgaloxone (Rearing1fi= 6.39, p = 0.03; Movingi = 5.58, p = 0.03),
but these duration changes were very small, less than 200 ms.

In thecase of grooming, the reduction in the proportion of time spent grooming and chain
grooming led to aignificant decrease in the number of grooming chains performed per rat
only in the high dose group, with a significant treatmentxdose interactiom€~26.32, p =
0.0004,Figurelsd). Furthermore, there was a significant treatment {¢#= 11.18, p = 0.009)
and dose effect (o= 6.22, p = 0.0Figurel5e) on the groomy 3 OKI Ay & Q RdzNJ A
them significantly shorter when naloxone was injected. This change in the grooming chain
duration was due to a significant decrease of the last phase only, with a significant treatment
(FL.10= 10.02, p =.01) and dose effect {fro= 6.69, p = 0.03) on the duration of body licking.
Ly &adzYYFNEB>X 6f201Ay3 x FYyR + NBOSLIi2NB KIFR
active behaviours, both general and grooming ones, substantially reducing the pmpofti

time allocated tathem and their duration.

2.3.2.2 First and higher order transitions between behaviours
General behaviours
To characterize general activity, we calculated the first order transition probabilities between
active and inactive states. Inter@sgly, although naloxaom had a very robust effect on
behaviours, significantly reducing their frequency and duration, it had no effect on the
transitions from active to inactive statef 1= 0001, p= 097, Figurel6).

To characterisevhether higher order transitions between general behaviours had been

affected by naloxone we fitted VLMMSs to the data of le@roup. The resulting models were

compared to each other by calculating the probabilistic divergence between them, and their
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divergence with the zero and first order model. Although there were some small differences
between the models, they were very sian to each other, thus, we only show the

divergences, not the PSTs.

0.6
=
%
504 = 1 Treatment
a )
= . saline
2 naloxone
@
&
Foz2

0.0

4 8
Dose (mg/kg)

Figurel6.Transition probabilitiesrbm active to inactive states when saline and naloxone
injected at a low(4 mg/kg) and at a high (8 mg/kg) dose. Transitioning from activeatctive
states were not changed.

Table6 shows thedivergences found between the VLMM models. We can see that both
saline and naloxone VLMMs diverged very little from each other, with values of 0.03 and 0.04,
indicating that blockingt and{ receptors did not significantly affect the transitions between
general behaviour. Furthermore, both saline and naloxone models differed very similarly from
the independence and first order assumptions, suggesting that general exploration patterns
remained unaffected, despite naloxone’s strong effect on the amount ofawiehrs

produced.

Low dose Saline VLMMNaloxone VLMM 0Oth order model 1st order model

Saline VLMM T 0.04 0.41 0.05
Naloxone VLMM 0.03 T 0.43 0.06

High dose

Saline VLMM T 0.04 0.37 0.05
Naloxone VLMM 0.04 T 0.40 0.04

Table6. Probabilistic divergence between general behaviour VLMMs when naloxone was injected at
the high and low dose. The cells show the probabilistic divergence between the models in the
corresponding row and column. The top rows show low dose results, anlbttom rows high dose
results. The models in the rows were the ones used to generate the sequences to calculate the
divergence.
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Grooming behaviours

We were particularly interested in the effect naloxone could have had on the naturally fixed
grooming clain; thus, we calculated the first order transition probabilities between its four
stereotypical phasesFigure 17 shows the resulting transition diagrams between the
behaviours of the grooming chain when saline aradoxone were injected at the low dose
(Figurel7aandFigurel7b) and at the high dosé{gurel7candFigurel7d). As with the NK1
antagonist results, we only show the transition probabilities above 0.10, and the red arrows

mark the probabilities tht changed by 0.10 or more when naloxone was injected.
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Figure17. Transition diagrams of the first order transition probabilities betwethe four stereotypici
phases of the groomonchain when the rats were injected with saline (a and c¢) and naloxone (b and d
low (top diagrams) and high dose (bottom diagrams), respectively. (e) Mean transition entropies &
order transiton probabilities of the grooming chain when ogbne (red) and saline (blue) were inject
Only transition probabilities higher or equal to 0.05 are displayed and transitions probabilities that ¢
0.10 or more are shown in red.
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These diagrams suggest that injectinglaxone had a small effect in the transition
probabilities between the middle phases of the grooming chain, making them slightly more
variable, with stronger efficts in the low dose group. No significant treatment effect was
found on the transition entrom@s €,11= 24, p= 018, Figurel7e). It is significant to note that
when naloxone was injected, the grooming chains performed in the saline condition were
slightly more variable than the saline grooming chainsntbin the 733,060 groups. This
could be due to either a stronger order effect of naloxone or to rats naturally performing
more variable grooming chains in these groups

To analyse whether naloxone had affected the higher order transition structureeof th
grooming bous, VLMMs were fitted to the complete grooming bouts (chain and-cluain).

The fitted VLMMs are represented as PSTEigurel8, with low dose resultsn the top
diagrams Figurel8a andFigurel8b) and high dose results in the bottom oné3gurel8c

and Figure18d). There does not seem the a large effect on the number of significant
sequences found, and actually, in the low dose group, more sequences were found in the
naloxone PSthan in the saline one, despite a decrease in behavioural output. On the other
hand, when naloxone was irgeed at the high dose, there was a small reduction in the
sequences found from 14 to 11.

Surprisingly, the third order transition of the groomimain, linking the four phases
together, was only found to be significant when the drug was injected at diae dose.
Although naloxone had the same effect ag33,060 in reducing behavioural activity, its
effects on the structure of the grooming bouts meeless consistent, with no clear trends in
the PSTs and no significant effect on the grooming chain vatyaldihus, it does not seem
that naloxone affected transitions in a significant way.

The differences between the VLMMs found in the grooming behasiwere quantified
by calculating the probabilistic divergence between saline and naloxone VLMM, and by
andysing how much they diverged from the zewaler model (i.e. the independence
assumption) and the firsbrder model. Results are displayed in

Table7. As previously mentioned, the models in the rows (bold) weedus generate
the sequences, thus, a divergence value close to zero means the mdtelcorresponding
row (bold) and column (italics) make similar predictions, whereas a large divergence value
means that the model in the column (italics) does not pceglivery well the sequences

generated by the model in the row.

79



a) Saline

1% order

2" order

Paw licking

Bilateral strokes

Unilateral strokes

Body licking

Elliptical strokes

{ Intrusion H Paw licking |

Paw licking

Current behavior

Contexts =11

Elliptical strokes

Unilateral strokes

Paw licking

C) Saline

1t order

2" order

Paw licking

Bilateral strokes

Unilateral strokes|

~{ Body licking H Paw licking
Elliptical strokes

Intrusion ‘

Paw licking

Current behavior|~

.

Contexts = 14 Bilateral strokes

Unilateral strokes|

Elliptical strokes

Intrusion

~{Uni|atera| strokes}—

.

Paw licking

b) 4 mg /kg

3'd order

Current behavior|»

27 order 3 order

~| Bilateral strokes HUniIateraI strokes|—| Elliptical strokes
Bilateral strokes

Paw licking
Elliptical strokes

1%t order

Body licking

Contexts = 13

~| Intrusion H Paw licking |

Paw licking
Elliptical strokes
Paw licking

Unilateral strokes

d) 8 mg/kg

3" order

1t order 2" order 3 order

Bilateral strokes

Body licking

Elliptical strokes

Body licking

Current behavi0r|~

Intrusion

Contexts =11

1
—I Paw licking |—|Uni\ateralstrokes

Unilateral strokes

Figure18. Prediction suffix trees (PSTs) found in the grooming bouts of the rats when sali
naloxone were injected at the low dose (a and b) and at the high dose (c and d). Ea
represents a sequence of first, second, or thoter that sgnificantly predicts the currel

behaviour

Low dose

saline VLMM naloxone VLMM 0% order model

1storder model

saline VLMM T 0.07 0.43 0.09
naloxone VLMM 0.11 T 0.52 0.11
High dose
saline VLMM T 0.16 0.48 0.13
naloxone VLMM 0.13 T 0.47 0.11

Table7. Probabilistic divergence between grooming behaviours VLMMs when naloxone was injected.
The cells show the probabilistic divergence between the models in the corresponding row and column.
The top rows shoviow dose results, and the bottom rows the high dagsults. The models in the
rows were the ones used to generate the sequences to calculate the divergence.

80



Number of sequences

In the low dose group, the saline VLMM waightlyworse at predicting the sequences
generated ly the naloxone VLMMs, as indicated by the slighésger naloxonesaline
divergence (0.11) than the salimaloxone divergence (0.07). In the high dose group, the
divergences between saline and naloxone VLMMs were larger, suggesting saline and
naloxone VMMs predictions did diverge. Nevertheless, bothirsaland naloxone models
diverged from the zero and first order model in very similar fashion. Therefore, blqckimg)

1 receptors seems to have made the grooming bout structure slightly different fraah th
found on the saline groups; but overall, the exffs of naloxone were not very clear and
consistent.

As naloxone also produced an important reduction in behavioural activity, we again
compared the number of sequences found in the naloxone and salindWgLMth those
found when the analysis was run wigiartial and shuffled versions of the grooming data.
Figure 19 shows the number of significanttl 2'd and 3% order sequences found in the
grooming bouts when sale (blue) , naloxone (red), partial (dark grey) and shuffled (light grey)
data were used, with low dose results on the ldfigure19a) and high dose results on the
right (Figurel9).

In the low dose group, we can see that naloxone did not have a strong effect the number
of first or second order sequences found, and that using partial data (dark grey bars) had no
effects on the number of sequences either. In contrasthm high dose @up, using partial

data importantly reduced second order sequences found. Finally, neither the saline or
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Figurel9. Number of sequences of first, second and thirder found in VLMMs obtained from sal
(blue) and naloxone (red) data at the I¢ga) and high dose (b). Also included are the mean numt
sequences found when partial (dark grey) and shuffled (light grey) saline data were used tc
VLMMs.
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naloxone results seem to be due to random processes, given that randomly shuffled data
barely had any structure in it (light grey bargjith this andysis it seems that the effects of
reducing the amount of data do not always lead to a reduction of the higher order structure,
as can be seen in the plot of the low dose group, in which the number of sequences found
with partial data were tle same as thasfound with the saline data={gure19a). However, it
could be that this alternative explanation plays a more important role in the high glosgs,

in which the behavioural reduction was more promei.

2.3.2.3 Temporal patterns

Finally, we explored whether naloxone had disrupted temporal pattefgure20c shows

the small, medium and long temporal patterns found in general behaviours when saline (blue
bars) and nkboxone (red bars) were injected. Since there was no significant dose effect, the
data from both doses were pooled together to simplify depiction. Interestingly, results
suggest that blocking and{ receptors significantly increased the temporal patterfound

in the general behaviours. There was a significant treatmentxlength interactios=B.46,

p = 0.049), and multiple compadns indicated that only the number of small temporal
patterns significantly increased when naloxone was injected, @tresich is surprising given

the overall reduction in behaviour.

For the case of grooming temporal patterns, they were reduced by oamxwith a
significant treatmentxlength interaction {ko = 7.61, p = 0.003). Multiple comparisons
analysis revealedhat only small and medium length temporal patterns were reduced by
naloxone, but not long ones. The top plotsFegure20 show that the reduction in grooming
temporal patterns seems to have been more prominenthe high dose groupHgure20b)
than in the low dose groug-{gure20a), although no significant dose dependent effect was
found.

Shuffling the time of occurrence of the behaurs produced no temporal patterns (light
grey bars), indicating that this analysisvé&y good at discarding random patterns. However,
using partial data produced a substantial decrease in the number of patterns found (dark grey
bars). The observed dexase of temporal patterns in the grooming bouts due to naloxone

was slightly larger thathe one predicted by the partial data, thus, again, this might indicate
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that a part of the reduction in patterns found is probably due to the reduction of data
available to perform the analysis, but not all of it.

In summary, naloxone had a stronger effect than the NK1 receptor antagonist in reducing
all behaviours, both in frequency and duration, particularly at the high dose. However, despite
this reduction, neithethe transitions between active and inactive stator the higher order
transitions between general behaviours were consistently affected by naloxone. On the other
hand, the grooming chain and the grooming bout structure were slightly disrupted, but the
effects were not very robust or consistent betwedoses. Temporal patterns were the most
affected by naloxone, with an unexpected increase in the temporal patterns found in the

general behaviours, but a decrease in the grooming temporal patterns. Thigliesiting,
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since although in most cases the retan of data due to the drugs led to a reduction of
patterns found, in this case we actually found an increase in temporal patterns. Thus, the

reduction of behaviours does not always lead to a reductioringoral patterns.

2.4 Discussion

From simple swimmig patterns in the lamprey, to complicated birdsongs, being able to
execute sequences of actions is a fundamental ability present in most living beings. Although
a lot of information has been gathered in thast few years about the neural bases of
sequenang, the underlying mechanism is still not fully understood (Jin & Costa, 2015;
Nakamura, et al., 2017; Dawhale et al., 2019). In the present study, using a very simple open
field preparation, we sought to uestigate the role of two neuropeptides, substane and
enkephalin, which have been recently implicated in action sequences through a
computational model of the basal ganglia (Buxton et al., 2017). To our knowledge, their roles
in action sequences had nbeen tested experimentally before.

Spontaneous behavioural patterns can tell us a lot about the nature and organisation of
behaviour Although many previous studies had analysed the role of substance P and
enkephalin inopen fieldbehavious (Duffy et al, 2002; Varga®erez et al., 2008; Kertes et
al., 2010; Yan et al., 2010; Horner et al., 2012; Tseng et al., 2013; Porter et al. n208t5)f
these studies did not use analysis techniques that extracted the sequential and temporal
patterns Thus, in thepresent study, we used Markov angattern analyses to understand
how the organisation of thepontaneousnnate behaviourshat we doserved in an open field
changed when the main receptors of substance P and enkeplvalia blocked

The patterned SPooinections that striatal MSNs make amongst each other have been
suggested to play a key role in the implementation of sequences, lrdégred and unordered
(Buxton et al., 2017). Based on this, it can be predicted that if striatal SP connections were
disrupted, we should see a break down in the transitions between behaviours. Our results are
in agreement with this idea. We found thatblod y 3 & dzo &4 G | y O Smad@the Y I A Y
transitions inside the highly stereotypical grooming chain significantly ma@eable.
CdzNI KSNXY2NB>X GKS 2@0SNIff GNIyaadazy aidNHzOG dz
with higher order transitions beinghe most affected. Finally, blocking substance P also
affected general activity patterns, increasing the probabilityrahsitioning from active to

inactive statesOverall, our results suggest that blocking SP led to a general break down in
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the fluencyof behavioural patterns, making the transitions between them more variable and
simpler.

Sequences not only have a spexdrder, but they also need to be performed with precise
timing. Our results suggest that blocking NK1 receptors not only had an effe¢he
transition structure, but it also disrupted the timing of the behaviours. After administration
of the NK1 antagast, we found that rats displayed fewer temporal patterns in the grooming
bouts, suggesting that behaviours were performed less cogrsiist in time. This was also
evident in the grooming chain, in which the transitions inside the grooming chain not only
became more variable after the NK1 antagonist injection, but that rats also tended to stop for
longer periods before finishing the sequee. The timing and transition probabilities of a
sequence are believed to be inversely related, that is, large valuearddition probabilities
(i.e. more fixed) tend to be accompanied by small gaps between behaviours, whereas lower
values (i.e. more vable) transition probabilities, are associated to longer gaps (Matheson &
Sakata, 2015). This is in line with our finglthat the increase in transition variability induced
by the NK1 antagonist injection was accompanied by disrupted timing as well.

Gwen that SP is known to interact with several neurotransmitters in the striatum, it is also
possible that the effects webserved were due to indirect effects, in particular, due to the
interaction of SP with dopamine. Electrophysiologically, SP has lmerd fto increase
dopamine release in the striatum, in particular in the striosomes, which directly innervate SNc
(Fujiyama et al.,, 2011 Brimblecombe & Cragg, 2015). Interestingly, the disruptions in
sequencing and timing that we observed are similar tose found in rats with SNc lesions,
which show a similar simplification of behavioural sequences (Casarrubea et al), 20d9
disruptions in the grooming chain serial organisation (Berridge, 1989; Pelosi et al., 2015).
Thus, SP coullsobe acting diretty by linking and facilitating the striatal activity responsible
for the serial order, and indirectly by modulating dopiae release in the striatum.

In the case of enkephalin, based on the model of Buxton et al (2017), which suggested that
Sy 1 S LI blef cbufdba inhibiting competing action requests, it can be predicted that
0f201AY3 Sy SLKLIf AYsedhe MBrO&itds @bdklved dnkbehdafioal A y O NJ
sequences. Evaluating what constitutes as an intrusive action in spontaneous pattegns is v
hard, since they are quite flexible sequences. However, in the case of the grooming chain, it

is easier to classifyierruptions, given that the grooming chain has only four stereotypical
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behaviours. Either way, our results do not support the ided émkephalin regulates intrusive
behaviours, given that we did not find any clear effect of naloxone on the sequentielsie

of either the grooming chain or the general activity patterns, despite a robust effect of
reducing all behavioural outputs artdeir duration.

Nevertheless, injecting naloxone significantly modified the temporal organisation of both
general and g YAy 3 LI GGSNyad . f201Ay3 Sy{1SLKIFfAY
exploration temporal patterns, but only small ones, formed of twatlmee behaviours at
most, suggesting an increase in simple temporal patterns. For grooming behaviours, temporal
patterns significantly decreased after the naloxone injection. Thus, it is possible that
enkephalin has a more subtle role in controlling thedfic timing of behaviours, without
having a large effect on transitions per se. Although transition and temporal aspéc
sequence are related, it has been suggested that they could be independent processes. For
example, in the highly stereotypicabguences of syllables in birdsong, transition and
temporal aspects can be disrupted independently from each other (Ldrees2008).

9y 1SLIKIFfAYyQa NBOSLIi2NR NB F2dzyR Ay &aSOSNI
abundant in the striatum (Tremblagt al., 1992), they are also present presynaptically at
striatopallidal terminals (Olive et al., 1997). At these ternsndtl has been reported that
naloxone inhibits dopamine and stimulates GABA release (Mabrouk et al., 2011). Thus, by
blocking enkephafi Qa NBOSLIi2NBR Al A& lfaz2 LlRaairoftsS GK
the GP, which could explain the important hypdoilidy displayed by the rats injected with
naloxone.

From our simulation studies, in which we ran a series of simulations with differe
assumptions and compared them to our experimental data, we can conclude that although
the spontaneous behavioural pattns displayed by animals seem apparently undirected and
unordered (Renner, 1990; Magnusson, 2000; Lever et al., 2006), they arevayn@andom
or performed independently from each other. They tend to follow both highly fixed and more
flexible transitionpatterns, with at least a first order relationship, and in some cases even
higher.

Furthermore, these simulations allowed us to calesihow much the analyses performed
are affected by the amount @fvailabledata, which in our case, was a confoundingatale.

We did find that running VLMM andpiattern analyses with partial data could lead to a

reduction in the amount of patterns fowuh however, this was not always the case, in some
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cases, a reduction of data led to no changes in the patterns foundnesame cases, such as
AY SY{1SLKIfAYyQad 3ISYSNIf oO0SKIF@A2dzNI NBadz Gas |
temporal patternsfound. Thus, although a proportion of the effects we observed could have
been due to the difference of data availablesgems unlikely that this was the only reason
behind our results.

Finally, given that the injections of both antagonists were systewgccannot be certain
that the results we observed were due to effects on the striatum alone. However, a lot of
evidencehas indicated that the implementation of serial order is a function specific of the
striatum, given that disrupting striatal activitgdds to problems in sequence performance,
whereas disrupting other areas of the brain known to have a role in motor abh&rs no
effect on the serial organisation of sequential patterns (Berrdidge, Fentress & Parr, 1987,
Cromwell & Berridge, 1989; Rosenal 2004; Nakamura, et al 2017). Of course, given the
widespread distribution of SP and enkephalin and of their recesptid is possible that the
effects of injecting their antagonists were distributed. For example, SP in the spinal cord has
also been eported to facilitate reticulospinal inputs (Parker, Zhang & Grillner, 1998), thus it
is most likely that the NK1 antagshalso affected these synapses and the motor aspects of

behaviour controlled by them.

2.4.1 Conclusion

It is known that the execution @afction sequences is accompanied by specific activity patterns

in striatal MSNs. How these striatal activity patternssarand are maintained is not fully
understood. Our results suggest that neuropeptide substance P plays a key role in regulating
the transitions between behaviours of both highly ordered sequences and more flexible ones,
which could be due to its facilitatg effect on the striatum, as suggested by the model of
Buxton et al (2017), and possibly, due to its effects on dopamine releaséeQnher hand,
enkephalin seems to have a more subtle role regulating the timing of the behaviours. More
research needsat be done in order to specify whether these effects were indeed due to

disruption of striatal activity, and whether they are true faher sequencing behaviours
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Chapter3p {dzoaiilyOS t FyR Syl Saskd t Ay Qa NI
sequence learning and memory

3.1 Introduction

Most behavioural patterns that animals and humans execute are built of sequences of actions

that need to be performed with a specific spatemporal organisation. As new action
sequences are learned, they tend become chunked or integrated into behaviouratits,

rendering their performance automatic and rigid, with characteristics similar to habitual
OSKI @A2dzNB o{ 1A SG If®dS wnnoT DIFEBONARSEZ HJ
Representing behawoural patterns as units is believed to free afientional and memory

resources, which could, in theory, allow a more economical and sparser representation of the

vast behavioural patterns that animals can come to acquire throughout their lifetime (Smith

& Graybiel, 2016; Dezfouli et al., 2014; Seket al., 2014). When chunking is disrupted, such

Fa Ay tIFINJAyaz2yQa RAASFASSYS LISNF2NXYAYy3I aAYLI S
a difficult task (Tremblay et al., 2010).

The corticebasal gangh network has been found to be involved in aigayr of tasks
that comprise learning sequential behaviours, such asates (Jog et al., 1999; Smith &
Graybiel, 2013), lever press sequences, (Jecuapetla& Costa, 2014; Tecuapetla et al.,
2016), bird sags Qlveczky, Andalman, & Fee, 20Ghd steppig patterns on a rotarod
(Nakamura et al., 2017), amongst others. In particular, lesions to the sensorimotor or
dorsolateral striatum (DLS), one of the main input nuclei of the basal ganglia, have been found
to disrupt learning and performance of actionggences (Yin, 2010; Geddes, Li & Jin, 2018),
without actually affecting single action learning, suggesting that general learning and action
chunking might be two different processes with different neurobiatagunderpinnings (Yin,
2010; Smith & Graybie2016).

The basal ganglia have been classically divided into the antagonistic direct and indirect
pathway system, where the direct pathway has a general facilitatory role, allowing
behavioural expression, veneas the indirect pathway has an inhibitory eplstopping
behaviour (Albin, Young, & Penney, 1989; DelLong, 3@@jtzet al., 20D). Once an action
sequence has been chunked into an integrated unit, some neuronal activity patterns arise in
the striatum, such as delimitating activity at the startchend of the learned sequence and

sustained activity in the direct pathway MSNs (Jin et al., 2014; Rothwell et al., 2015). The
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source and function of these activity patterns are not fully understood, butag heen
suggested that they could be related ttoe process of concatenating actions (Wymbs et al.,
2012; Jin et al., 2014); and that it might be driven, at least partly, by changes in the strength
of the corticostriatal synapses (Jin & Costa, 2015, Rethet al., 2015; Nakamura et al.,
2017).

Direct and indirect MSNs in the striatum are mainly GABAergic neurons, but they also
co-express neuropeptides substance P and enkephalin. These striatal neuropeptides are
known to have different effects on the daoro-striatal synapse believed to be relaxtafor
action sequence learning (Blomeley et al., 2009; Blomeley & Bracci, 2011), and they have been
linked to learning and memory processes (Lenard et al., 2017; Hasenohrl et al., 2000). A recent
computational malel has suggested that these two neuropelats might play a key role in
the execution of action sequences (Buxton et al., 2017).

In our previous study we tested whether disrupting the actions of substance P and
enkephalin had any effect on the sequentiaidatemporal organisation of innate and
sportaneous sequential patterns. Our results suggested that SP in particular was important
for transitions inside highly ordered and more flexible activity and grooming sequences;
whereas enkephalin seemed to be maetevant for timing aspects of behaviouhé&aim of
the present study was to examine whether substance P and enkephalin would also have a
role in learned action sequences. To do so, we trained rats to perforrratiion sequences
in an operant chamber uiitthey displayed stable performance. Ratsre then systemically
injected with a substance P or an enkephalin antagonist, and either had to learn a new
sequence or carry on performing the same sequence. Given our previous results and the
predictions fromthe model of Buxton et al., (2017), we wespecting that blocking SP would
disrupt the transitions inside a wdkarned sequence, whereas the role of enkephalin could

be related to timing aspects of the sequential performance and/or preventing inteiongt

3.2 Methods
3.2.1 Subjects

Thirty-three female Lister Hooded rats (2800 g) were used in two experiments. They were
housed 2 or 3 per cage and kept on ahlight/dark cycle with free access to water at all

times. Their weights were maintained at aroun@P® of their freefeedingweight by feeding
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them approximately 1 h every day after each experimental session. During the weekend rats
were allowed to freefeed. All of the procedures were performed under the Scientific (Animal
Procedures) Act 1986 and incacdance to the ethical igdelines of The University of
Sheffield.

3.2.2 Apparatus

All behavioural training and testing was carried out in Skiippee operant chambers. Each
chamber had two retractable levers on the frontal panel, one on the left (L) and worleeo

right (R). Above ezh lever there was a light that could be turned on and off. A food magazine
was located between the twievers anchad an infrared photobeam to register head entries.
The reinforcer used was a 45 mg grain pellet. Arduino Micropsmes equipped with SD
cards were used to control the operant chambers and to record the responses made to the
levers and head entries made to the magazine. Each chamber had a ventilation fan, and an

external white noise generator was used to mask extrarsesounds during all seisns.

3.2.3 Procedure

Behavioural training took place from Monday to Friday, with one session per day at
approximately the same time every day. A fregerant approach was used, in which the
length of the trials was not set a priori,uh, rats could make défent amount of responses

until the correct sequence of two responses was executed and the reinforcer was delivered.
Thus, the beginning of a trial was signalled by the first response after the animal had collected
the previous rewad, and the end of thertal was marked by the delivery of the reward. To
train the rats to perform a tweaction sequence we followed these phases:

1. Magazine trainingRats were given two sessions of magazine training to allow them to
learn where the pdéts were delivered. E&csession lasted until 20 reinforcers were
randomly given or 20 min had elapsed.

2. Single lever trainindgrats were initially trained to press the left and right levers separately.
To do so, every time the lever was pressed, thbtlabove it was turnedn and a reinforcer

was delivered. The order of which lever was trained first was randomized. Rats were kept in
this phase until they had obtained 50 reinforcers in a single session with each lever. This was

the only phase in whicthe lights above the lexrs were used. From this phase onwards, no
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external stimuli guided the behaviour of the rats.

3. Switching trainingRats were reinforced for switching between the left and right levers
with no specific order. Both LR and RL seqasneere reinforced untilats had obtained 50
reinforcers per session in three sessions.

4. Sequence trainingrinally, rats were trained to perform a single heterogeneousaation
sequence, either LR or RL. All training sessions lasted until 50 oeirdawvere delivered or

30 min had elapsed, whatever happened first. In the first five sessions of sequence training,
rats were allowed to check the magazine between lever presses, but for the rest of the
sessions, rats had to perform the correct sequencmterruptedly, that iswithout checking

the magazine in the middle of the sequence. Training lasted until rats reached a criterion for
stable behaviour. As indicators of chunking/performance of sequences, previous research has
used measurements such abe percentage of reinficed sequences (BaciMendez et al.,

2007; Ostlund et al., Z®), the length of the sequence (Jin et al., 2014), the time between
responses (Reid et al., 2001; Jin et al., 2014) and the press rate (Geddes et al., 2018; Ostlund
et al., 2009, among othersThus, we considered that a rat had chunked a sequence when
they were trained for at least 25 sessions (as in Badbadez et al., 2007), and until they

had reached the following performance criteria for 5 consecutive sessions:

1. The poportion of perfect trals was above 0.40. A trial was considered perfect if only
one left and one right lever press were performed in the correct order.

2. The average number of lever presses per trial was between 2 and 3 responses, given
that our target vas a tweaction sequencewe wanted to give little room for error.

3. The time between the responses of the reinforced action sequence was below 3 s, to
ensure that rats were not doing other behaviours in between actions.

4. We used the ratio between the distahd proximal responsePPratio) as another
indicator of performance. The responses of an action sequence can be classified as
distal and proximal, in reference to how close in time each response is to the
reinforcer delivery. For example, if a rat had dgecute the sequence lefight to
obtain the reinforcer, the left lever press would be the first response, and thus distal
with respect to the reinforcer delivery, and the right lever press would be the second
response and thus proximal to the reinforadelivery. Thus, the ratiwas calculated

as.
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A ratio < 1 indicates a preference for the temporally close response to the reinforcer,

whereas a ratio > 1 incates apreference for the temporally distal response. Our
criterion was that the ratio had to be 1 £25%.
Outcome devaluation teso test what the representation of the learned action sequence
was at the end of the experiments, we performed an outcamhegaluaton test in which rats
were freefed for one hour before being placed in the operant chamber for a 5 min extinction
test, in which both levers were available but they were unresponsive and no reinforcers were
delivered. Devaluation tests are perfoed withy 2 FSSRol 01 2F lyeé (eélL

performance relies solely on the memory or representation that they formed during training.

3.2.4 Experimental design
We performed two experiments; the overview of their experimental designs is shoWhabiie
8. In the first experiment we wanted to assess the role of substance P and enkephalin on
substituting a well learned action sequence with a new one. In a first phase, 17 rats were
trained to perform a sequence of two sponses, either LR or RL, until thieghaviour was
stable, within the limits of the performance criteria described above. Rats that did not meet
the criteria were not included in the experiments. Rats that met the criteria were moved on
to a second phase which now they had to learn the rexse heterogeneous twaction
sequence (e.g. if a rat was initially trained to do sequence LR, then, in the second phase it now
had to perform the sequence RL to obtain the reward). On the first three days of thedsecon
phase, rats were injected via an fiaperitoneal route with either saline, the NK1 receptor
antagonist £733,060 (Tocris Bioscience, Abingdon, UK) at a dose of 2mg/ml/kg, prattk
1 receptor antagonist naloxone (Alfa Aesar, Lancashire, UK) at aofl@seg/ml/kg. These
doses were selectkgiven that in our previous study we found that they had a significant
effect on behaviour, but did not impair the rats so much that they could not perform the task.
The second phase lasted 20 sessions, and on theskssion a devaluation test was
performed.

The second experiment was designed to test the effect of blocking each neuropeptide
on the stable performance of a crystallised action sequence. As in the first experiment, in the

first phase, 16 rats were traigto perform a heterogeneous twaction sequence until they
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reached our performance criteria for five consecutive sessions. Once these criteria were met,
the same tweresponse sequence continued to be trained, but either saliné33,060
(2mg/ml/kg) or ndoxone (4mg/mi/kg) were injected vianantraperitoneal route during three
consecutive days. This second phase lasted 11 sessions, and a devaluation test was performed
on the last session.

To control for any effects due to differences in the operant chamslor levers, rats
were pseuderandonly allocated to the operant chamber used (box 1 or 2), the reinforced
sequence (LR or RL) and the experimental group (saline, SP antagonist or enkephalin
antagonist). Allocation to box and sequence was restricted twatteach experimental group

had ratsdistributed between the two operant chambers and the two possible sequences.

Phase 1: Training Phase 2: Testing Devaluation test
Two-action Switch to a new sequence
, sequence trainin 19sessions
Experiment 1 a g 20" session
Learnin . SP Enk
g approx. 30 sessions : : :
pprox..s * Saline antagonist antagonist
(n=17) (n=6) (=5 (n=6)
: Remain with the same
Two-action sequence
Experiment 2 sequence training 10 sessions 11" session
Memory approx. 30 sessions SP Enk
PP (ﬁ: 16) " Saline antagonist antagonist
(h=5) (n=5) (n=6)

Table8. Experimental design to test the role of substance P (SP) and enkephalin (Enk) on learning and

memory of action sequences.

3.2.5 Statistical analysis

We performed twefactor mixed ANOVAs to analyse how the between variable Treatment
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measurements: proportion of perfect trials, inteesponse times, actions per trial and

distal/proximal ratio. Give that rats could spend a variable number of sessions in the first

phase, and we were interested mainly in having all the rats reaching a similar stable

performance on the last 5 sessions of training, for the analysis of thepfiwste of both

experiments we only considered the first and last 5 sessions. For the second phase of the first

experiment, we observed that from session 1 to 8, learning occurred quickly; whereas, from

session 9 onwards the changes in performance were nalatver. Thus, we dividedur
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analysis of the second phase into these two phases of eaf8) @nd late (Sonwards)
learning. Furthermore, we performed omeay ANOVAs to compare the number of sessions
rats spent learning the first sequence. Whenever daeraction was found sigficant, post
hoc pairwise #ests with Bonferroni corrections were performed. Effect sizes were calculated
dza A y 3 d. Ed SlyfeStsi performeg <0.05 was considered as significant. Results are

presented as mean = SEM. Alblyses were performed usjy software R.

3.3 Results
3.3.1 Experiment 1b S dzN2 LJSraliidk léa®ifgpa new action sequence

3.3.1.1 Effects of blocking NK1 receptors

We first present the results from the rats injected with the NK1 antagonist. We began by
checking thatlere were no differencem learning during the first (prdrug) phase between
experimental and control animal&igure21a shows the boxplots of theumber of sessions
needed in each group to learn the first sequence. On average salsmeaqiired 30 sessions,
whereas 733,060 rats needed on average 29 sessions. AdaeANOVA showed that there
was no significant difference between saline anr@d33,060 rats in the sessions needed to
learn the first action sequenc&({ = 026; p = (62).

A 2x10 mixed ANOVA performed on the first and last five sessions of the first phase
showed that there was a significant Session effect ipafflormance measurements, with a
significant increase in the proportion of perfect sequendegs(y= 57.77; p < 0.001,Figure
21b), a decrease in the actions performed per trial, approaching two actigs) € 33.21p
< 0.001,Figure2ic), an increase towards 1 in the digpaoximal ratio (og1= 46.11;p <
0.001,Figure21d) indicating that both actions were performed to a similar degree, and a
significant reduction in the mean time between responses of the reinforced sequence,
reaching approximately 1 Eds1)= 8.89;p < 0.001Figure2le). Overall, these results indicate
that rats increased the accuracy and speed with which they performed the reinforced
sequence, and given that thereere no significant main effects of Treatment or Treatment x
Session interactions, this confirms that rats from both groups learned the first action
sequence in a similar way.

As the first action sequence was learned, ratgstallised the way in which &y

performed the two actions into a very precise spatoporal pattern.Figure22 shows an
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Figure2l. Firstphase (predrug) action sequences were learned similarly by saline artBB,060 rats(a,
Boxplots displaying the number of sessions each group took to meet the behavioural criteria. -
represents the dea between the first (25%) and third (75%) qtilar the line inside represents the medi
(2" quartile), the whiskers are the minimum and maximum values, except for when there are outlie
are 3 or more SD away. -@) Plots showing the first and last five sessions of the first phase for t}
proportion of perfect trials; (c) mean actioper trial; (d) distal/proximal lever press ratio; and (e) t
between responses of the reinforced sequence of the rats who were to be injected wizi3,060 (rec
and saline (blue). No significant diffemas were found in any of the performance measurBata ar
displayed as mean +SE. 96



example of the behaviour of a rat learning to perform sequence LR on theHigstré22a)

and last sessionHigure22b) of the first phase. Each dot is a behavioural response to either

the left (red) or right (black) lever, and each row represents one trial. Time zero is the moment

whenthe rat put its headn the magazine to obtain the reinforceit is possible to see that

in the first sessionHigure22a) many extra responses were made, andtiheng of the distal
response, in this case pressimg left lever (red dots), was distributed and not very accurate.

In contrast, in the last sessioRigure22b), besides a few errors, the rat had developed a clear
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Figure22. Trial by trial behavioural analysis of learning a sequen@eb) Scatterplots showing the timi
of the left (red) and right (black) lever presses throughout the 50 trials for one rat during the first |
the last session (b) of training in the fighase. On top are plots of the mean press rate perfor
throughout the trials in bins of 200 ms.-§¢ Mean press rate of the distal (red) and proximal (bl
responses of all rats in their first (c) and last session (d), showing the emergence obHisegsspatie

temporal behavioural pattern.

3To be able to show the behavioural pattern displayed by the ratthe trial by trial plots were cut to 20 s before

the head entry, but some responses were made befotieat and are not shown.
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pattern, performing the correct sequence usualithin 2.5 s. InFigure22c andFigure22d
we can see the mean press rate for tilistal and proximal levers in the first and last session
for all rats, showing that by thenel of training, on average, rats had crystallised the
performance of the action sequence into a very stable and accurate sigatiporal pattern.
Once the first sequence was learned, rats were changed tsd¢hend phase in which
they had to learn a newesjuence, and during the first three sessions they were injected with
either NK1 antagonist-£33,060 or salind-igure23 shows the results from the first 10 days
and the last session of this second phase. A 2x@dmMNOVA performed on the proportion
of perfect trials during the first 8 sessions of the second phase showed a significant main
Treatment effect lfy9 = 9.46;p = 0.013), Session effedfdsz = 13.21;p < 0.001) and a
marginally significant TreatmemtSession interactioffrg,s3= 2.15p = 0.05Figure23a). Post
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Figure23. Phase 2 results: blockirgubstance P leads to faster learning of new sequenkots showin
the effect of blocking NK1 rep#ors on the (a) proportion of perfect trials; (b) meaations per trial; (¢
distal/proximal ratio; and (d) interesponse times when a new sequence had to be learned. On
first 10 sessions and the last session of phase 2 are shown. * p <0.05.
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Sequences/min

hoc pairwise tests with Bonferroni correction indicated that the rats injected witid3,060
actually learned the new sequence faster than cohtrats, with significant differences in
sessions 3, 4, 6 and 7. The effect sizes for these differenceslwde1.66, 1.86 and 1.33,
respectively, suggesting that the effect was quite robust, given that they were all above 1.

This faster increase in @portion of perfect sequences observed whei33,060 was
injected was accompanied by a better performanceviher measurements as well. There
was a significant Treatment x Session interaction in the mean actions peFtigl< 4.59;p
< 0.001 Figure23pb) and on the distal proximal ratiéfe3 = 2.43;p = 0.029, Figure23c), but
no significant differences on the time between respondesy(= 0.31;p = 0.89,Figure23d).

This suggests that the rats injected witfv 33,060 learned the new sequence faster than
control rats, but without effects on the speed at which they performed the responses.

The beneficial effect of-£33060 seems to fade aftesession 8. All behavioural
measures became very similar between the two groups from session 9 onwards, with no
significant effects of Treatment or Treatment x Session interactions found in the last 11
sessions. Thus, rats injectedth saline eventually dgeved a performance similar to that
displayed by the rats injected with133,060, although they got there a bit more slowly.

These results could be due to the NK1 antagonist having an effect facilitating learning
the new sequencer by disrupting the repesentation ofthe previously learned sequence, or

both. To look at this possibility, we assessed whether blocking NK1 receptors had had an
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Figure24. Previously reinforced sequence is extinguished faster during phase 2 when NK1 rec
are blocked (a) Rate (sequences per min) at which rats injected with saline (blue) 88,060 (red
stopped performing the action sequence reinforced during the first phase. (b) Rate at which rat
both aroups performed the new reinforced sequenc@<0.05 wp < 0.10
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effect on the rate at which the ratserformed the previously learned sequence and the new
sequence. A 2x8 mixed ANOVA showed a significant Session Bffegt(4.53;p < 0.001)

and Treatment x Session interactioRz63 = 2.35;p = 0.034) on the rate at which rats
extinguished the preiously learned sequencé&igure24). Post hoc pairwisetest revealed
significant differences in session 5, and marginally significant differencesssions 4 and 7,

with effect sizes of 1.31, 1.54 and 1.19, respectively. This result suggests that rats injected
with the substance P antagonist stop performing the previously reinforced sequence at a
faster rate than control rats. From session 9 onwarldtjough control rats kept doing the
previously reinforced sequence at a slightly higher rate, no significantmeseit(1,9= 1.05;

p = 0.32 or Treatment x SessioR4p90 = 0.81;p = 0.62 interaction were found.

On the other handFigure24b shows the rate at which the new reinforced sequence
increased throughout phas2. A mixed ANOVA showed a significant Sassftect (7,63 =
11.47;p < 0.00}; but no significant Treatment effedg{g = 0.04;p = 0.83) or Treatment x
Session interactionFze3 = 1.45;p = 0.20), indicating that both groups increased the
performance of the new reinforced sequencgmilarly. Given that injecting the NK1
antagonist has an overall downegulating effect on the behaviour of rats, the fact that the
drug had no effect on the rate of performance of the new reinforced sequence sudbasts
it is unlikely that the effectsbserved on the rate of the previously reinforced sequence were
due to a general downregulation of motivation or locomotion.

The triatby-trial performance also seems to support the idea that rats injected with L
733,08 crystallised the spatitemporal pattern of the new sequence faster than the control
rats. Figure25 shows the mean press rate for the distal and proximal actions throughout the
trials of the first, fourth and seanth sessions of the second phase, that is, as the new
sequence was being learned. The results efrdits injected with saline are on the left panels
(Figure25a), and the results from the rats injected with7B3060 are on the right panels
(Figure25b). We can see that even in the first session, rats injected with the NK1 antagonist
seem to have had a narrower and more precise timing for pressing the distal lever than
control rats. By the seventh session, rats injected witli3B,060 seem to have a m®
crystallised pattern of performing the distal and the proximal levers in less than 5 seconds,
and they seem to have been better at supressing the performance of the preyiousl
reinforced sequence, whereas the control group still displayed a more digtdlresponse

pattern, in particular for the proximal response, which in the previous phase was the distal
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response.

A devaluation test was performed to assess whether rajscied with the NK1
antagonist had represented the last action sequence learned similarly to the control group by
the end of the experiment. Rats wefeee fedfor one hour and then a 5 min extinoti test
was performed. This test allowed us to assess tiwbiedevaluating the reinforcer affected
the proximal and distal responses similarly. The hypothesis was that if the rats had chunked
the sequence, both levers would be equally affected by the deimn as they would be
integrated as a unit; on the othdrand, if the rats had not chunked the two actions as a unit,
the proximal lever would be more sensitive to the devaluation treatment because it is closer
Ay GAYS G2 GKS NBesgfaieshdliGheord défRessedk dza 2 A G Q4

To analyse this, we tailated how much the press rate of the distal and proximal
levers changed from the last session of training to the extinction test. In these conditions, rats
could keep pressing the levers in theveaamount, they could increase their pressiade,
or they could decrease iEigure26 shows the mean change in press rate for the saline and L
733,060 groups. These data show that, both groups displayed decreased pressing in
extinction, which was expected given the d&ation of the reinforcer. Furthermore, both
levers seem to have been affected in a similar way, with no significant TreatRet 0.21;

p = 0.6 or Lever effectRy9 = 0.12;p = 0.73)found. This suggest that after 19 session of
training of thesecond phase, both groups had a comparable representation of the learned

sequence.

[ Proximal lever
B Distal lever

ra
L
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f

Change in presses/min

Saline L-733,060

Group

Figure26. Devaluation test Change in presses per minute between the last session of tr.
and the extinction test for the distal and proximal lever durthg 5 min extinction test. Da
correspond to the rats injected withaline and NK1 receptors antagonist33,060 in the firs
experiment.
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3.3.1.2 Effects of blocking and] receptors

For the rats injected with naloxone, we first checked that they acquired the first sequence
(pre-drug) similarly to control rats. Again, thereere no significant group differences in the
number of sessions needed to learn the firstiantsequenceRy10= 1.81;p = 0.21,Figure

27a). Furthermore, for the other performance measurements, a 2x10 mixed ANOVA
performed on the first and last five sessions of the first phase, showed that there was a
significant Session effeon the proportion of perfect trialsHo 99 = 65.22;p < 0.001 Figure

27b), the mean actions per trigkf,00= 32.43p < 0.001Figure27c),the distal/proximal ratio
(R110= 53.83;p < 0.001 Figure27d) and the interresponse timesKg99 = 14.33;p < 0.001,
Figure27e); however, no significant Treatment dreatment x Session interactions were
found for any of the performance measurements, suggesting that there were no difference
in how fast the two groupsvere able to acquire the first action sequence learned. Lastly,
Figure27f shows the mean press rate for the distal and proximal levers throughoutigile t

in the last session of training of the naloxone group. These results show that this group of rats
also developed a stable spatiemporal pattern with precis¢iming for each of the actions

by the end of training.

In the second phase, rats were chadgo learn a new sequence, and during the first
three sessions they were injected with naloxone. In this case, we did not find any significant
Treatment or Treatmenx Session interactions for any of the performance measurements.
Only significant Sessi@ifects were found for the proportion of perfect trial§{79= 13.51;

p < 0.001,Figure28a), the mean actions per triglz709= 16.07;p < 0.001 Figure28b), the
distal/proximal ratio 7,709 = 9.0;p < 0.001 Figure28c) and the intefresponse timesHz,70 =
2.76;p = 0.014 Figure28d); suggesting that rats injected with naloxone learned the second
sequence in a very similar way to the control group. Furthermore, there was no significant
Treatment effect on the rate at wbih the previously leaed sequence was extinguished
(Re10= 0.005;p = 0.94 Figure28e) or the rate at which the new reinforced sequenég {y

= 0.49;p = 0.49 Figure28f) was acquired dumg phase 2. Overall, these results indicate that
naloxone had no observable effects on the performancesueements we used.

At the end of the experiment, we carried out the devaluation test to assess whether
the representation of the sequence was diffatén the two groups. Again, we were expecting
that if the sequence in the naloxone group was chunkedhbletvers would be equally

affected by the devaluation of the reinforcer. To test this, an ANOVA was performed on the
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change in press ratbetweenthe last session of training and the extinction teSigure29
shows the change in press rate induced by the devaluation treatment on the proximal (white
bars) and distal (black bars) levers. We can see thatagiihe control group, rats injected

with naloxone showed, on average, similar diminished press rates for both levers, as indicated
by no significant Treatmen&g 19 = 0.41;p = 0.53) or Leveeffects G119 = 0.13;p = 0.72).

This suggests that theaits injected with naloxone had a similar representation of the learned

sequence as that formed by the control rats.

o7 [] Proximal lever
Bl $ E OOAD

]
h

Change in presses/min

Saline Maloxone

Group

Figure29. Devaluation test.Change in presses per minute between the last session of trainir
the extinction test performed to the dtal and proximal lever during the 5 min extinction test. [
correspond to the rats injected with saline and naloxone in the first experiment.

In conclusion, we did not find any clear effect of blockirand) receptors onany of
the performance measurements we used to evaluatarméng of a new sequence. This in
contrast to the results found with the NK1 receptor antagonist, which led to a faster learning
of the second sequence when the contingencies changed. This waseafipadue, in part,
to the fact that rats injected with NKantagonist showed less perseveration in performing
the previously reinforced sequence, which could have led to less interference in learning the
new sequence. Furthermore, the devaluation testsfprmed at the end of the experiments
suggested that allats, those injected with saline, naloxone 01733,060, learned the
sequence similarly by the end of training. Given that the rats injected with the NK1 antagonist
were able to substitute the firdrained sequence with another one faster than control rats
we hypothesized that blocking substance P might have disturbed the memory or
representation of the first learned sequence. Thus, in the second experiment our aim was to
test whether blocking eitar substance P or enkephalin would have an effect on thblst

memory/performance of a crystallised action sequence.
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3.3.2 Experiment 2Neuropeptide’s rolen a crystallised action sequence

3.3.2.1 Effects of blocking NK1 receptors

In the first phase of theecond experiment, we again trained two groups of rats to perform a
two-action sequence for at least 25 sessions and until they had stabilised their performance.
There was no significant difference in the number of sessions needed to meet the behavioural
criteria (R = 0.02, p = 0.87), with both control and783,060 ats reaching stable
performance in 29 sessions in average. As sessions progressed, rats from both groups were
able to significantly increase their proportion of perfect trialg {f= 5.21, p < 0.00IFigure

30a left panel), reduce the actions performed per trial to an average between two and three
actions (ko,72)= 32.71, p < 0.00Ejigure30b left panel), increase the distal/proximal ratio close

to one (ko,72)= 34.60p < 0.001Figure30c left panel), and perform the reinforced sequence
with a short interresponse time, below 2 s on average.th= 17.13, p < 0.00Eigure30d

left panel). No significant Treatment or interaction effects were found in any of the
performance measurements during this first phase, suggesting that all rats from the control
and the E733,060 groups learned the first (pogug) sequence in a very siar fashon.

Once rats showed stable performance for 5 consecutive sessions, they were injected
with either saline or the NK1 antagonist for three days. Results for this second phase are
shown on the right panels dfigure30. Injecting the NK1 antagonist had no clear effect on
the stable performance of the learned action sequence. There was only a marginally
significant TreatmentxSession interactiontbe proportion of perfect trials (72)= 1.74, p =
0.09,Figure30a), with only a marginally significant difference between saline arn83,060
rats on session 4 of the send phase. In all other measurements, that is, actions per trial,
distal/proximal rato and interresponse tines, no significant Treatment or
TreatmentxSession interactions were found. There was also no effect on the rate at which
the reinforced sequence was performed, indicating that all rats continued to execute the
learned sequence at thsame level of perfornrece as before the drug or saline were injected.

At the end of the second phase, we performed a devaluation test. We calculated how
much the press rate for each lever changed between the last session of training and the
devaluation est. InFigure31it is possible to see that in both groups the change in press rate
was close to zero for both levers, meaning that in extinction demm, rats injected with

saline or the NK1 antagonist kept pressing both levers andas rate as in the last session
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of training, even though no reinforcers were given. There were no significant Treatment effect
(R1,8y=4.70, p = 0.98) or Lever effectg gi= 2.65 p = 0.15), suggesting that by the end of the
experiment both group had similar representations of the learned sequence. Furthermore,
in contrast to the first experiment, the changes in press rate were smaller. In this second
experiment rats kept prforming the same sequence for longer time, thus, it makes sense

that their press rates were even less sensitive to the devaluation of the reinforcer.

[] Proximal leer
Il Distal lever

-

T

Saline L-733,060

Group

Change in presses/min

Figure31. Experiment 2: devaluation test in-83,060 groupChange in presses per minute betw:
the last session of training and the extinction test performed to the distal and proximal lever
the 5 min «tinction test. Data correspond to the rats injectedth saline and NK1 receptc
antagonist £733,060 in the second experiment.

3.3.2.2 Effects of blocking and] receptors

We trained another batch of rats until they had crystallised the performance of aattion
sequence to test the effects obloxoneon stable performance. Again, this new group of rats
was able to learn the sequence according to our criteria, reaching stable performance in 31
sessions in average. Overall, we did not find any systematic difference in the initial learning
of the sequene (predrug) between this new group and the control group. There was no
significant Treatment effect in the sessions needed to reach the behavioural critgrig=(F
0.49, p = 0.50), and both naloxone and control rats showed significant Se=#gais,
significantly increasing their proportion of perfect trialgodn= 59.56, p < 0.00Eigure32a,

left panel), reducing the mean actions per trial close to two actiops{E 36.24, p < 0.001,

Figure32b, left panel), increasing the distal/proximal ratio around ongdf= 43.52, p <
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0.001,Figure32c, left panel) and reducing the inteesponse times below 2 s¢ky= 23.13p
< 0.001,Figure32d, left panel). Given that no significant Treatment or Treatment x Session
interactions were found in any of the performance measurements, this new group seems to
have learned the sequencast & well as the control group.

Once these rats displayed stable performance for 5 successive sessions, they were injected
with naloxone during three consecutive days. The plots on the right panéigwfe32 show
the results of blocking andy receptors on the performance of the crystallised learned action
sequence. There were no significant Treatment, Session or Treatment x Session effects on
any aspects of behaviour measured, suggesting that naloxone hagffact on the stable
performance of the learned sequence.

Finally, we performed a devaluation test at the end of the second phase. Again, we
look at how much the press rate for each lever changed from the last session of training to
the extinction testThere were no significant Lever(fs)= 0.40, p = 0.54) or Treatment effects
(Ry,9) = 1.05, p = 0.33), suggesting that both levers in both groups were equally affected by
the devaluation treatmentKigure33). Futhermore, again the change in rate induced by the
devaluation was much smaller than the one observed in the first experiment, possibly
AYRAOFGAY3 GKI G dzy RS Nderfozénie b&ckniie @yeiRrBoRre habiblA y A y 3
Overall, this second experimesuggests that blocking either substance P or enkephalin at

the doses used did not disrupt the performance or representation of the learned sequences.
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Figure 33. Experimen2: Devaluation test in the naloxone grou@hange in presses per min

between the last session of training and the extinction test performed to the distal and proximz
during the 5 min extinction test. Data correspond to thesratjectal with saline and naloxone in t
second experiment.
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3.4 Discussion

When learning a new acin sequence, besides the w&lhown actioroutcome and stimulus
action associations, actieaction links are believed to be formed, which allow a faster and
more efficient control of the execution of the sequence (Dezfouli et al., 2014&redt al.,
2014; Smith & Graybiel, 2016). As these behavioural associations gstalised, specific
patterns of neuronal activity emerge in the dorsolateral striatum, such as increase activity at
the start and end of the sequence and sustained and inhibited activitjrect and indirect
MSNSs, respectively (Jog et al.,, 1999; Bareesl., 2005; Jin, Tecuapetla & Costa, 2014,
Martiros et al., 2018). These striatal patterns are believed to contribute to the concatenation
of actions and to the representation of the segnce as a unit (Jin & Costa, 2010; Smith &
Graybiel, 2016; Jin & 6@, 2015); however, how they emerge and change to adapt to
changes in environmental contingencies is still not fully understood.

The model of Buxton et al., (2017) has recently proposed the facilitatory effect of
substance P at the cortiestriatal and striatatstriatal synapses could make SP a key mediator
of action chunking in the striatum. Furthermore, the results from our previous study
suggested that SP could indeed be playimgla in mediating the transitions between the
actions of innate seggnces. Based on this, we hypothesized that disrupting substance P
connections during learning of a new action sequence would interfere with its acquisition. To
our surprise, the results dm the first experiment presented here indicated that blocking SP
adually facilitated learning a new action sequence, when this new sequence was substituting
a previouslyconsolidatedsequence.

Habits are known to be hard to break, and thus, they tend to be more resistant to
changes in the contingencies (Smith & Grayh?8l16). There is evidence suggesting that
striatal activity in the DLS encodes the procedural memories of habits (Barne2€0&l; Yin
& Knowlton, 2006), thus, we hypothesized that one possibility was that the faster learning
that we observed in theirfst experiment was due to a disruption of the previously learned
sequence representation as a habit, which is believed to beeé to chunking the actions
into a unit (Graybiel, 2008 ats injected with the NK1 antagonidid extinguish the first
learned sequence faster than the control group. Thus, it could be that by blocking SP
receptors, we affected the striatal activitypeesenting the sequence as a unit, and this made
the previously learned sequence less resistant to change when the environmental

contingencies were modified, which ultimately led to the faster learning of the new sequence.
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In order to test whether blockingP had indeed affected the representation of the
well learned sequence, we performed a second experiment, in which we blockdd N
receptors while rats performed a crystallised action sequence, without making any changes
in the contingencies. We were expeg that, if SP connections were important for the
representation of the well learned sequence as a unit, the performance dévieé sequence
would decrease with the injection of the NK1 antagonist. However, we did not find strong
evidence supporting il idea. All the performance measurements remained stable after the
NK1 antagonist injection, indicating that rats injected with NK1 antagonist could continue
performing the learned action sequence just fine. The results from both experiments seem to
suggest that the effects of blocking SP were possibly restricted to an early learning stage.

Also pointing towards an effect ome learning phase rather than on the memory
representation of the sequence are the results from the devaluations tests perfarthbes
been suggested that a devaluation test cawaluatethe way actions are represented in
memory. The idea is that if atBon sequence was learned as a unit, that is, if its actions were
chunked, then in a devaluation test, animals should respomquialy to each action of the
sequence, suggesting that all the actions were equstilyed in memory (Ostlund et al.,
2009). Onthe other hand, if the actions were not chunked, then it would be expected that
actions closer to the reinforcer delivery, tinvase, would be more affected by the
devaluation treatment, than actions more distal to it (Balleine et al., 1995). We foundlhat
the actions of the learned sequence were equally affected by the devaluation treatment in
both groups, suggesting that @himals were able to chunk the actions together by the end
of training.

Additionally, we found that the devaluation treatmenffected the response rates of
the actions more in the first experiment than in the second one. This makes sense, given that
in the second experiment rats were trained for a more extended period, and no changes in
the contingencies were introduced, which girably led the rats to perform the action
sequence in a more habitual manner than the rats of the first experiment. Overatheall
results suggest that blocking substance P did not have an effect on the final representation of
the well learned sequencéut rather, point towards a role for SP more restricted to an early
learning phase and/or to reversal learning situations. lmgrthe NK1 antagonist in a
reversal learning task like our first experiment, has the advantage that we can control for

possibé novelty effects, given that the rats were already familiarised with the task and the
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chambers.

It is also possible that the NKantagonist had an effect not so much on the memory
of the learned behaviours but on how the rats cancelled the previous seguexrecution in
order to perform the new sequence. It is known that as the basal ganglia selects actions, it
also inhibits otherbehavioural responses. Schmidt et al., (2013) have suggested that
cancelling actions results from a race between the infornratiariving from the subthalamic
nucleus (STN) and from the striatum to the substantia nigra pars reticulata (SNr). The STN
inputs to the SNr are believed to be part of an overai®m signal, that could modulate the
selection threshold of motor program&r@ank et al., 2006; Schmidt et al., 2013). Thus, it is
possible that by blocking SP and disrupting its facilitatory effectarsthatum, the STN stop
signal won the race more often, leading to a faster extinguishing of the previously reinforced
sequenceand thus, indirectly to a faster acquisition of the new reinforced sequence.

It is important to note that it is unlikely thahe effects we observed when we blocked
substance P were due to differences in baseline learning abilities or motor and nnartivat
disruptions due to the NK1 antagonist injection. Our data shows this in several ways. First,
both groups of rats, those ingged with the NK1 antagonist and those injected with saline,
learned the first sequence very similarly, thus, we made surettiexre were no systematic
baseline differences in their learning abilities. Furthermore, there were no significant
differences inthe inter-response times of the reinforced sequences, meaning that blocking
SP did not affect the speed at which rats perforntbd responses, suggesting that their
motor abilities were not impaired. Finally, the faster decrease in the performance aflthe
sequence was not the result of an overall decrease in motor output given that we did not
observe a decrease in the perforn@nof the new sequence being learned. This also indicates
that the differences observed were not due to modifications in ovenaltivation, given that
both groups were equally motivated tbtainthe reinforcers, obtaining them at similar rates.
Therefore it seems that the NK1 antagonist had specific effects on the sequence organisation,
not so much on gross motor or motivatioresdpects.

This seems to be in agreement with results that indicate that disruption of basal
ganglia function, such as strokdead to specific deficits in sequence organisation, not in
motor execution per se (Boyd et al.,, 2009). However, given that we adisystemic
intervention, other brain structures could have been involved. For example, some of the

activity patterns that ardelieved to represent a learned sequence as a unit in the striatum,
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such as the start/stop signals, are known to have paraitetgher areas, such as prefrontal
cortex (Smith & Graybiel, 2016; Fuji & Grabyiel, 2003). Furthermore, other areas such as the
infralimbic cortex are believed to be involved in selecting the whole sequence, acting as an
executive controller (Smith & Graggh, 2013), which could have also played a role in our
results.

Another important area that must be considered is the dorsorakdiriatum (DMS),
which has been found to encode behavioural strategy changes in tasks that involve reversal
learning or changgin the contingencies (Regier, Amemiya & Redish, 2015), such as the one
we studied in the first experiment. Thus, the effectslee NK1 antagonist that we observed
could have been due to effects on DMS as well. It is more likely that, detecting theeshang
contingencies and making the appropriate behavioural shift requires several structures, most
likely including DMS, DLS aswime cortical areas (Regier, Amemiya & Redish, 2015; Aoki et
al., 2018).

It is also important to note that SP interacts withveeal neurotransmitters in the
striatum, dopamine being one of the most important. SP is known to interact with dopamine
in seveal ways in the striatum (Brimblecombe & Cragg, 2015), and MSNs belonging to the
direct pathway, that is, those that e®leaseSP, have been reported to send collaterals to
SNc (Nadjar, 2006; Fujiyama et al., 2011). Given the prominent role of doparseience
learning (Jin & Costa, 201%0llins et al., 2016), it is possible that through these connections,
blocking SP modifiedopamine in some way that ended up accelerating learning the new
sequence.

Additionally, NK1 receptors can also be foundcbiolinergic interneurons in the DLS
(Chen et al., 2001), and SP is known to increase the response of these interneurons and thus
the release of acetylcholine in the striatum of freely moving rats (Anderson et al., 1993; Aosaki
& Kawaguchi, 1996). This i®ry relevant because the activation of these cholinergic
interneurons has been associated with habit substitution (Aoki et24l18), thus, they
represent another possible mechanism by which blocking SP might have affected the
substitution of a new actiosequence.

In the case of enkephalin, we did not find any effect of blocking opioid receptors with
naloxone either on learningran stable performance of an action sequence. It could be that
the dose used was not sufficient to see an effect. We used «gngvhich according to our

previous study had an effect on behaviour, but did not supress behaviour so much that the
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animals wold be impaired in performing the task. Nevertheless, using a higher dose, 10
mg/kg, it has been reported that naloxone blocksvesding effects in a place preference
conditioning task (Tseng et al., 2013), thus, it is possible that the dose used wasoatanmhp
factor. Furthermore, Tseng et al., (2013) also reported that in the absence of enkephalins,
beta-endorphins, another opid neuropeptide, may compensate for its action, which could
be another reason why we did not see any effects. Overall, ourteesith enkephalin do not
allow us to make any speculations about its role, and do not seem to agree with the proposed
role suggsted by Buxton et al., (2017). However, given that others have found that using
agonists or antagonists of opioid receptors @dbfect the persistence of memory in
conditioning tasks, such as spatial of fear conditioning (Ukai, Watanabe, & Kameyama, 2000;
Kitanaka et al., 2015dRo et al., 2015), another possibility is that the task we used here was

not appropriate to show the rie of enkephalin.

3.4.1 Conclusion

Being able to recognise changes in the environment and acquire new behavioural patterns
accordingy is a fundamental ability needed to survive to an esleanging environment.
When learning to perform a new action sequence, chunking the actions into egrated

unit is believed to be a fundamental process, which renders behaviours automatic and
difficult to break. This process is believed to be at least partly modulated by basal ganglia, and
in particular, by the dorsolateral striatum. The results front @xperiments suggest that
substance P could be relevant for learning a new sequence, when aeqleknce is being
substituted, that is, when the contingencies change. Why this happened is an open question
- we suggest that blocking substance P receptwsld have led to changes in the striatal
activity and affected dopamine and acetylcholine, whadlowed the rats to adapt to new

environmental contingencies faster.
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Chapter 4 Modelling the role of substance P in reinforcemebtsed
sequence learning

4.1 Introduction

One of the most basic mechanisms by which animals are able to adapt their behavithes to
environment is through instrumental learning, in whiah animal learns the relationship
between its actions and their outcomes and between environmental stimuli and its actions
(Balleine, Liljeholm & Ostlund, 2009). This has been computationallyafised in the
reinforcement learning algorithm (Sutton & Ba, 1998, in which a simplified, but sufficient
version of the world is assumeé#i@ure34). In this model, an agent (e.g. a rat or a human)
canfind itsdf in a series of discrete statéis,;tI' MX HX 0XIXX GKSNB Ay S| ¢
perform different actions () in order to obtain a reward i(). The main goal of a
reinforcement learning agent is to maximize letegm reward, but it $ not told what actions

to take and ithas to learn their estimated values through trial and error, that is, through

interaction with the environment (Sutton & Bartt998.

4 .
| Agent }
N

Reward (r) -

y

Actions (a;)

Environmental W
state (s¢) J

Next state ;44

-

Figure 34. Agentenvironment interaction in the reinforcement learning paradigm (modified 1
Sutton and Barto]1998).

One way of estimating action and state values that has received a lot of attention in
neuroscience is through the tempal difference error, which can be loosely interpreted as
the difference between the expected value and the actual value obtained, thmafo
definition will be given later in detail. This term represents unexpected changes in reward,
and it is proposed asne of the main drivers of learning, allowing the modification of state
and action values in an online way (Schultz, Dayan & Monta@%g, Sutton & Barto, 2012,

Shultz, 2016).
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There is evidence that suggest that temporal difference learning couldredaut
in the corticebasal ganglia circuit (Doya, 2002; Samejima & Doya, 2007; Ito & Doya, 2011).
While different mappings between éhterms of the reinforcement learning model and its
underlying neural structures have been proposed, in general terinis,believed that the
cortex holds representations of the actions and states; while the striatum, the main input
nucleus of the basalanglia, has the representation of their estimated values (Tai et al., 2012;
Doya, 2002). The temporal difference ersignal has been suggested to be represented by
the activity of midbrain dopamine neurons (Schultz et al., 1997; Wilson & Bowan, 2006;
Shutz, 2013; Hart et al., 2014), dopamine being ongh& main neuromodulators of the
cortico-striatal synapse (Reynolds Wickens, 2002).

While reinforcement learning models have been found to describe several
behavioural and neurophysiological aspectsimgtrumental learning, when it comes to
learning an action sequence there are several added computational challenggs,as
assigning values to actions that are temporally distant from the reward in a particular order
(Fu & Anderson, 2008; Geddes, Lir& 2018).There have been several proposals about how
action sequences could be learned using reinforcement learniodets Daw, Niv & Dayan,
2005; Dezfouli et al., 201&avalia et al., 20)6but they have been limited by the fact that
the neural proceses underlying actiosequences are still not fully understood.

Dopamine has been the centre of attention in terms méuromodulators in
reinforcement learning, however, it has been recently suggested that substance P, a
neuropeptide abundant in the satum, could be involved in action sequence encoding
(Buxton, et al 2017). Interestingly, this neuropeptide has a paaing effect at excitatory
cortico-striatal synapses (Blomeley, Kehoe & Bracci, 2009), and it has also been found to
modulate dopaminee&lease in the striatum in different ways (Brimblecombe & Cragg, 2015).
These findings, along with our results from ghrevious study, suggest that substance P could
have a relevant role in modulating the learning of behavioural sequences.

To our knowledgethere is no previous RL modelling study that includes the role of
SP. Thus, the aim of the current study was to dawel reinforcement learning model to test
biologically constrained hypotheses about the role that substance P could be playing in
reinforced-based sequence learning. To do this, we used a temporal difference model with
an actorcritic paradigm to run simations emulating the experimental setups of the

experiments performed in the previous study (see chapter 3). Then, we modified different
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parameters of the model in an attempt to replicate the effects observed when experimentally

blocking substance P.

4.2 Methods

4.2.1 Model construction

4.2.1.1 Actorcritic framework

The main elements of a reinforcement learning model are: 1) a reward functiomhich
defines the immediate reward obtained at each state; 2) an estimated value funcbion,,
which defines the exgcted longterm value of states; 3) a set of preferences for the possible
actions in a given staté, h ; and 4) a policy; ®H , whichdetermines how the agent
will behave at any given time, by establishing the probabilifyesforming a given actiony,

in a given statei, . Thus, at each time step the agent is in a given sfatg) phch8Bwhere

it can take an actioyt, 'Q phgh8 hwhich might lead taa different statej , and possibly

a reward, 1, if the correct actions were performed, or a punishment (negative value} ibf
incorrect actions were performed.

There are several methods by which a reinforcement learning agent can estimate its
value functions. In this study we used tempodéference learning, given that it has been
suggested to capture the online updating of action and state values displayed by animals. As
an overarching architecture, we used the actwoitic paradigm, in which it is assumed that
the estimation of the rewrd prediction error (RPE) and the state value function, , are
performed by the critic, and the policy update is performed by the actor. In this way, the critic
is in charge of predicting future reward and sending feedback to the actor through the RP
and the actor is in charge of updating the acio® LINP o6l 6 Af AGASa | 002 NR
received from the critic (Sutton & Barto, 1998; Singh et al., 2004; Joel, Niv & Ruppin, 2002).

Letwi be the estimated value of state at timet; w i the estimated value
obtained inthe next statei reached after taking actiotb at timet; i the reinforcer
procured after taking actiod, and’ the discount factor, which accounts for the fact that
future states are temporally distanina thus less valuedhen, he reward prediction error,

1 ,is calculated as follows
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This term is coding the difference between the expected valné, hand the
discounted value of the state reachédp i hplus the reward obtainedj hdus, informing
the agent whether there was an improvement or not after taking actiom statei .

The reward prediction error is then used to update the mstied value of the starting
state in the following way:

Wi Wi |
where| p is thelearning rate for state values. Thus, if the agent ended up obtaining a
reward or in a better state than it was expecting, the reward prediction error wildsative
and the estimated value of the stamg state will increase proportionally ta If the agent
ended up in a state that was worse than it was expecting, then the value of the starting state
wi wil be decreased. Thus, the reward prediction cgrrloosely defined, encodes
unexpecta changes in reward.
Just as state values, the preferences for the possible actiotidi hare also updated
using the temporal difference error:
a Gh a &h T

wheref pis the learning ratedr the acton preferencesin general termsthe learning
rates| andf control how fast the memory of the estimated action and state values are
updated by new experiences.

Action selection was performed trough softmax selection, where the probability of an

actionis given by:

2

such hat actions with higher values are more likely to be selected, but not in a deterministic
way, so there is still a small probability that other actions will jpeked, promoting
exploration.Figure35 shows the relationship between the preference for an action and the
probability of it being selected according to the softmax formula. This is an example in which
there are aly two possible etions. We can see that the probability of selecting the action
increases smoothly as its preference increases, approximating one when its action preference
is close to six, and approximating zero, when its action preference is zero.

The overall modelsed is summarised iRigure36. This kind of architecture has been
classically mapped to the basal ganglia network (Doya, 2002; Joel et al., 2002; Botvinick et al.,

2009), where, in general term$1e basal ganglia is believed to be the actor, performing action
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selection, and the dopame system is the critic, modifying the likelihood of the actions by

modifying the activity of the basal ganglia.

1

Probability of action

Preference of action

Figure35. Probabilityof an action depending on its preference according to a softmax sels
scheme when there are only two actions from which to choose.

Critic Actor

11 Tl o i |:> a GO aoh 1]
oi oi 11 e Q@
wh F T

Figure36. Actor-critic paradigm In this type of architecture, the critic is in charge of afiaic
the value of the states and calculating the reward prediction error, while the actor is in «
of updating action preferences and selecting actions based on softglegtion (Sutton & Bart
1998; Joel et al., 2002).

4.2.1.2 Eligibility traces

When training rats to performa two-action sequence, it is possible to observe at the
beginning of training that all rats systematically show a preference for the response
temporally close to the delivery of the reinforcer. This suggests that while learning a
sequential pattern, ratsitially assign credit only to the response performed right before the
delivery of the reward, rather than to the whole action sequence, that is, they display a credit
assignment error. This leads to a greater performance of the proximal response of the

sequence, that eventually fades away.
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The basic mechanism in reinforcement learning which offers a solution to the
temporal credit assignment problem are eligibility traces (Sutton & Ba898. These
account for the fact that temporally distant action®in the reinforcer are less affected by
the reward prediction error than those closer to it. To implement them, we added a memory
variable,QH , associated with each actiestate pair. Our reinforcement learning agents
could only perform two actios representing left and right lever presses. Thus, at each time
step, if an action had been performed, its eligibility trace inseghto 1 and the eligibility
trace of the other action decayed by a factorf of_That is:

FZQOH 0 GE £MHQI "QE 4 QQ
p QL OH QI Q¢ aQQ

where_, the decy parameter, controls how much previous actions are affected by the

Qh

current reward prediction error, anfl is the discount factor previously mentioned. The
addition of the memory variabl®@ OH modifies the update of the action preferencesich
that now it is:
a &Oh & OH 11 Qoh

Thus, eligibility traces modulate which actioase eligible to undergo learning changes
produced by . An action that was just performed will have a highibliijy trace, whereas
an action performed many states ago will have a low eligibility trace. This will make the effect
of the reward prediabn errordifferent according to how long ago an action was performed
(Figure37).

Parameten is very important since it modulates how much previousérformed
actions are modified by the reward prediction error_If p, all previously performed actions
are remembered perfectly and all are given crétfit.  mhthen, only the most recently

performed action is given credit, and it is the only one affected by the reward prediction error.

Figure37. Representation of how kgibility traces work.Actions performed many time steps a
for example att-3, are less affected by the reward prediction eriior, than actions performe
more recently (taken form Sutton & Barto, 1998).
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Thus, large_ means less decay of the memory and a bigger effect on temporally distant
actions, while smaller means more deay of the memory, and thus a snel effect of the
reward prediction error on distal actions. In our model, eligibility traces were reset back to 0

every time the agent got a reward.

4.2.1.3 Reduced state approach

Previous work has divided the state space imtarbitrary time or space states) an attempt
to capture some of the continuity of time and space. For example, Schultz et al., (1997) divide
their trials in 60 timestates, whereas Kato and Morita (2016) fragmented the space efa T
maze into 7 states. Hosver, in an attempt to capture # nature of our reinforcement
learning experiments, we decided to perform the division of the states into what seemed
biologically significant, according to the task our subjects performed when learning an action
sequence.

Thus,i KS & A Ydzf I (erke giyidgdintod [d)lapBequenice state 6§ (2) a
state for performing the first action £8, (3) a state for performing the second actiony)S
(4) an evaluative state {5 and (5) aeward state (g, as shown irFigure38. Given that
different actions can take the agent to different states, there were two separate evaluative
and reward states, depending on the actions performed in the two previous states. Thus, if
the correct action sequence had been perhed in S1and &, then the agent moved towards
an evaluative and reward state associated with a positive reward of one. digiet selected
any other combinations of two responses that was incorrect, it ended up in a no reward state,
and a small penty of -0.05 was given, representing energy costs of performing incorrect
actions.

The logic behind this division was that thenfercement program used in the real
experiments of study 2, was continuously evaluating the last two responses the rat had

performed, and, if the correct sequence had been executed, it delivered a food pellet. On the

Pre Action 1 Action 2 Evaluative R q
| sequence ction | ction state ewar |
[ | | | | |
S Su Se S S

1 1 1 1

Figure38. Division of the environmental states into biologically significant states to lebwo-
action sequence.
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other hand, if the last two responseseve not the reinforced sequence, reward was given.
We assumed that there was a state in which the agent could evaluat¢hehée actions
taken were effective in securing the reinforcer or not. Although it might take a while for the
rats to actually geto this representation of the environment, it was not the main purpose of

this study to formalise the development of thepr@sentation of the states per se.

4.2.2 Replicating the experimental structure in simulations

We ran two groups of simulations to reproduce the structure of the two experiments
performed in the previous chapteFigure39 shows an illustration othe structure of the
simulations. In the first simulation, (i.e. replicating our reversal learning experiment), agents
were initially trained to perform a twaction sequence for 40 sessions, and then the learning
contingencywas reversed, such that thegants had to reverse the order of the actions to
obtain the reward for another 30 sessions. In the second simulation, replicating our non
reversal experiment, after learning to perform a tvaction sequence for 40 sessions, atge
were kept performing thesame sequence for another 20 sessions. All sessions, in both
simulations, lasted until 50 rewards were obtained, just as in the real experiment. In the first
phase of both simulations, performance of sequence-igfint was remforced with a reward

of 1, and the performance of incorrect sequences was punished witl95. In both

Simulation 1 Simulation 2
Phase 1 (LR) Phase 2 (RL) Phase 1 (LR) o Phase 2 (LR)
Parameter drc:lmetgr
modification modification
" i . Wi
= c
& &
:
£ £
g 3
Sessions Sessions
(@) (b)

Figure 39. lllustration of the simulations performed to replicate the reversal and noaversa
learning experiments(a) In the first simulation agents were trained to perform action sequ
LeftRight (LR) for 40 sessions until stadeformance was achieved; amsecond phase they we
switched to do the inverse sequence RL. (b) In the second simulation, agents were also tr
perform sequence LR until stable performance was achieved, but in the second phase they ct
to perform the same sequence. Iroth simulations, different parameters were modified during
first 100 trials of the second phase to try to simulate the effect of the substance P antagonist i
in the experiments.
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simulations, during the first 100 trials of the second phase, different parameters of the model
were modified to try to simulate the effects observed evhthe substance P antagonisas

injected in the rats.

4.2.3 Performance measurements

To be able to compare the simulations with the real data, we calculated the following
performance measurements for the simulated data:

1) Proportion of perfect trials, that jdrials in which only the correct sequence was

executed, with no extra actions germed.

2) Distal/proximal ratio, which was calculated as the number of distal actions divided

by the number of proximal actions. For example, if the sequenceifgit wasbeing

reinforced, then action left would be distal with the respect to the rewdadivery,

and action right would be proximal.

3) Number of actions performed before the reward was obtained.
2S |faz2z lFylrfeaSR K2g (GKS | Oidevddptedictids®mEsS NSy O

changed throughout the sessions.

4.2.4 Parameters and initihvalues

The values of the parameters of the model were selected based on minimizing the distance
between the real learning data obtained from 33 rats and the simulated diatained from
a batch of 100 simulated agents. Given that in the egderiments, rats were trained for a
variable number of sessions until displaying stable performance, to tune the parameters of
the model we used 25 sessions of the real data, congitirthe first 20 sessions and the last
5 sessions of training.

We samjed the parametespace for the learning ratels @ndf ), the discount factor
(), and the eligibility trace parameter ), in a range from 0 to 1 in steps of 0.1 for all
parameters. Two performance measurements were calculated for each combination of
parameters: proportion of perfect trials and ti¢/proximal ratio. The final combination of
parameter values selected wasd® on the minimum mean square error obtained from the
difference between the real learning data and the simulated data. We ended up picking the

parameters that minimized the défence between the real and simulated distal/proximal
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ratio measurement, give that this gave on average the smallest mean square error for both
performance measurements and, although it gave a slightly higher error for the proportion of
perfect trials, tke shapes of the learning curves were similar.

The final parameter selectiorf the model is displayed imable9. Furthermore, the
model was initialised such that all state values and eligibility traces were geroocand the
action preferences were set to 5. This was an arbitrary decision, but we just wanted to make

sure that simulations were not biased towaralsy of the actions at the beginning of training.

Parameter| Value
| 0.1
f 0.1
r 0.9
_ 0.1

Table9. Values of the parameters used to model action sequence learning

4.3 Results

4.3.1 Validating the model: Learning a twaction sequence

We first show the results from training our reinforcement leiaign agents to learn a two

action sequence for 40 sessions, each consisting of 50 rewards. Just as with the rats, our
simulated agents were only reinforced when the correct actions were perfdrinethe
correct order.Figure40 shows the proportion of perfect trials, the distal proximal ratio and

the mean number of actions performed per reward for the real rats on the top panel and for
the simulated agents on the bimm panel. The plots from the rats only show 25 s&ss
corresponding to the first 20 sessions and last 5 sessions of training; whereas in the case of
the simulations all 40 sessions are shown.

On the bottom plots, we can see ththe simulated agents learned the twaxction
sequence in a similar fashion teal rats, displaying similar trends in the three behavioural
measurements used. First, just as in the real data, the proportion of perfect trials gradually
increased, until reehing stable performanceF({gure 40a). Furthermore, simulations
displayed a strong credit assignment error, shown by a distal/proximal ratio belowtdhe a
beginning of training, and, as sessions progressed, simulations were able to perform both
actions in a similar amount, indicated byistal/proximal ratio that gradually approached

one (Figure40b). Similar to the data from the rats, the mean number of actions performed by
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Figure40. Learning a tweaction sequence We compare the performance of the simulated agents (bottom plots) with the real data (top plots’
following measurements: (a) proportion of perfect trials, (b) distal proximal ratio; and (c) eotiams per reward. Experimental data (tolots) shov
the average and SEM of the first 20 and the last 5 sessions. Simulations were allowed to run for 40 sessions. In tthe casrilattions, the blac
line with circles is the average and the greydirshow each individual simulation to digpthe range of variability.
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the simulations gradually decreased until approaching two actions;hwvas the length of

the target sequenceRigure40c). Thus, in these three performance measurements, the
model seems to replicate the basic trends of the data. Finally, it is worth noting that the
model was trainedn approximately the same mober of sessions as the rats, with rats
needing between 25 and 45 sessions to achieve our performance criteria.

To further analyse how the model learned the action sequencé&igure42 we
plotted the probability of performing the left (blue line) and right (green line) action either
first, in Sa, (distal to the rewardFigure42a) or second, in Sgproximal to the reward,
Figure42b). Given that all the simulations were carried out with the sequencerilgff,
performing right was the correct proximal action and performing left was the correct distal
action. It is possie to see that the probability foperforming the correct proximal action
(Figure42b) increased faster than the probability of performing tberrect distal action
(Figure42a). Thus, simulated agents digpéd a credit assignment problem, learning the
correct proximal action faster than thegdal one. However, as sessions progressed, the
agents eventually learned the correct distal action, such that by the end of training, the
probability of performing bdt actions in the correct order was close to one. Just as the real

rats did, shown in howhe distal proximal ratio went from below 1 (meaning a preference

0.6 0.6 0.6

<] 0.4 1 0.4 <] 0.4

0.2r 0.2 0.2

0 P 0 "IMM 0

: ! -0.2 : ! -0.2 - ! -0.2 -

1000 2000 0 1000 2000 0 1000 2000 0 1000
Trials Trials Trials Trials
(a) (b) (c) (d)

Figure41 Changes in reward prediction error at each state in learning the first action sequenidee
mean changes in reward prediction error through thials are shown for each state: (a) before the ac
sequence is started, (b) when the first action is perfed, (c) when the second action is performed an
when the reward is delivered. Data are displayed as meaBM. Note that because the rewarcegdiction
error was more variable, we show the changes through the trials, not aggregated session wise.
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for the proximal action) to almost exactly 1 (meaning both actions eventually were given
similar credt) in the top plot ofFigure4Qc. Finally, we looked at how the reward prediction
error changed throughout training. Results shownFigure41 suggest that the reward
prediction error backpropagated from the reward deliveryiqure 41d) to before the
beginning of the sequencé&igure4la). This seems to be in line, at leasgeneral terms,
with the observation that the dopamine signal, believed to encode the reward prediction
error, backpropagates from the reward to before the first action when an action sequence
is being learned (Wassum et al., 2012; Collins et al, 2618jhermore, we casee that the
reward prediction error is larger at the proximal action positiGiig(ire41c) than at the
distal action Figure41b), which explains, in part, why the agenties the proximal action
much faster than the distal one.

In conclusion, the data obtained from the simulations suggests that the model used
here for learning an action sequence was able to replicate, in general terms, some of the
basic behavioural phenoema observed when real rats learn an action sequence. Both
simulated and real data showed a gradual increase in proportion of perfect trials, a
refinement in the number of actions performed to obtain the reward, and a credit

assignment problem that gradugldissipated as learning was crystallised. However, it is
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Figure42. Probability of performing the actions trough traininglhe probability of performing th
right (green) and left (blue) actions in the (a) distal, that is in statead (b) proximal position, th
is state & of the sequene throughout the 40 sessions. The green and blue lines represent the a
of all simulations and the grey lines show each individual simulation to display the range of var
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worth noting that the reinforcement learning agents did eventually get to a better
performance level than the real rats, performing almost all trials perfectly. Nonetheless,
there is a variabilityinherent in the behaviour of the rats that is not captureg the
simulations, which could be due to equipment differences, amongst others; however,
although it is not possible to capture every variable acting in the rats, the shape of all three
performan@ measurements used here seem to display the same basiddref the real

data.

4.3.2 Effects of substance P on action sequences

Once we had a model that learned an action sequence similarly to rats, we moved on to
testing different hypotheses about the roté substance P in sequential learning. For each

hypothesisdescribed next, we simulated each of the two experimental set ups described in
the methods sections. Different parameters were modified according to the hypotheses

described below.

4.3.2.1 Hypothesis 1:Bis necessary for long termemory maintenance
The dorsolgeral striatum has been pointed out as one of the key regions for learning and
performing sequential behavioural patterns (Yin, 2010), and it has been reported that
striatal MSNs from the direct plaway display increased sustained activity throughout the
execution of a well learned sequence (Jin et al., 2014). This seems relevant in light of the
suggestion that the activity of the striatum might be encoding action values (Tai et al.,
2012).

Substale P is an excitatory neuropeptide release by MSNs of iteetdpathway
that has been shown to potentiate cortidriatal inputs to MSNs as well as having a direct
excitatory action on MSNs themselves (Blomeley et al., 2009). Thus, we hypothesised that
substance P might have a role in maintaining the striatévdag observed in well learned
sequences. Thus, it could be that by blocking substance P receptors, the sustained activity
in the striatum that was representing the learned action values was plisd) thus

disrupting the performance of the learned sequen
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To test whether this hypothesis would replicate the results of our reversal learning
experiment, we simulated the disruption of the learned action values by adding a decay
factor to the acton preferences, as it has been used in previsugdies to simulate
forgetting (Morita & Kato, 2014). To simulate our reversal learning experiment, we
performed two batches of 100 simulations to learn action sequencerifgifit for 40
sessions. Then, bottmtches were changed to learn the reverse acsequence, righteft.
C2NJ 2yS 2F GKS oFGOKSas GKS | OGA2yQa LINBTSNB
decay by a factor of 0.8 during the first 100 trials after the change in contingenewes
called this the decay model. For the other batffsimulated agents, no decay was added
we called this the control model.

Figure43shows in the top panel the proportion of perfect trials, the difieoximal ratio
and the number of actions per reward for the real rats, and on the bottom panel for the
simulated agents. Given that the manipulation was performed on the second phase, only
the results of the second phase are shown. In the top plotsreébdine indiates the results
from the rats injected with the substance P antagonist and the blue line the control rats;
while for the bottom plots, the red line indicates the results from the simulated agents with
decay in their action preferences andettblue line tie results from the control model
without decay. The main experimental effect of injecting substance P antagonist during the
first three sessions after the change in contingencies, was that the rats learned the new
sequence faster than the ctmol group. Alowing decay of the action preferences in the
simulations successfully replicated this result in general terms, with faster reversal learning,
in comparison to the control simulations without decdyigure43a). Hovever, the effect
observed from this manipulation in the other performance measurements seems to be
slightly more pronounced in the simulations than in the real data, withster learning in
the distal/proximal ratio and the number of actions per reward.

To understand why the simulations learned the new sequence faster, we plotted the
action preferences and probabilities at each position (distal and proximal) in both phases
(Figure44). We can see that all agentsala to increase their preference for the correct

distal and proximal action in the first phadeiure44a andFigure44b). This led to very
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Probability of distal action

Distal action preferences

high probabilities of doing lefind right actions in the correct ordeFigure44c andFigure
44d). In the second phase, when agents had to reverse the learned action preferences in
order to obtain the rewad, the effect of allowing the decay of the action preferences during
the first trials is shown by the dashed lines of plots.

While the control model (solid lines) showed a gradual flip of the action preferences,

the agents with decay decreased their iact preferences to zera~{gure44a andFigure
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Figure44. Changes in action preferences and probabilities in the reversal learning experir
Top plots show the action pferences for the left and right actions in the (a) distal, &d (b
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lines represent the left action and green lines represent the right action. Solid lines shi
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at the beginning of the seconchpse. This allowed the agents with decay to learn the new
action preferences faster given that they did not have to unlearn the previously crystallised
action preferences, as the control agents did. This decay in action preferences had the effect
of also esetting the probability of performing both the distal and proximal actions back to
0.5 Figured4c andFigure44d). These results seem to suppour first hypothesis, at last
partially,given that the general trend of faster reversal learning caused by the substance P
antagonist was replicated. Next, we tested whether this same manipulation would predict
the results from the nonreversal learning experiment. To do this, werried out amther
two batches of 100 simulations to learn sequence-taght for 40 sessions. Then, we
maintained them doing the same sequence but for one of the batches we allowed a decay
of 0.8 of the learned action preferences for 100 trials, in@@napt to simuate the injection
of the substance P antagonist performed on the rats.

Figured5 shows the results of the nereversal experiment for the real rats on the
top plot, and for the simulated agents onglbottom plot. We can see in the real data there
was no significant effeaif the substance P antagonist on the stable performance of a well
learned action sequence. In contrast, our model with decay (bottom plot) predicted that
the proportion of perfect tials should have decreased sharply, and then recover slowly
after the manpulation is stopped. The other performance measurements are not shown,
but the model also predicted a decrease in distal/proximal ratio and an increase in the
number of actions pedrmed per reward due to the manipulation, but neither of these
effects wee seen in the real data. Thus, it seems that allowing decay of the learned action
preferences was able to predict, in general terms, the results of the reversal learning
experiment, but not the results of the nomeversal experiment, suggesting that our

hypothesis that substance P modulated the decay of action preferences was not correct.

4.3.2.2 Hypothesis 2: substance P modulates the staties learning rate
The results from the previaisimulations led us to the idea that the effect of substance P

might notbe on the memory of the action values, but rather on the early learning period.
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Real data
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Figure45. Predictions made by the decay model for the noaversal experimentResults fror
the nonreversal experiment are shown in the top plot. The red line shows the results from tl
injected with 733,060, whereas the blue line the results fronmtrol rats. Bottom plot shows tr
prediction made from the decay model (réde) and the control model (blue line). All results
shown as mean = SEM.

It is well known that dopamine is a very important neurotransmitter for learning new
behaviours. Inteestingly, it has been found that substance P has a regulatory effecteon th
dopamine signal in the striatum. Brimblecombe and Cragg (2015) have reported that
substance P weights dopamine differently within the striosemmatrix axis of the striatum,
such hat substance P boosts dopamine release in striosome but leaves matrix dopamine
unaffected.

The striosomanatrix differentiation has been known for a long gn{Graybiel et al.,

1981); however, their function is poorly understood. It is known that stmes@nd matrix
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have a different inpubutput structure; while striosomes are believed to receive strong
inputs from limbic areas and project mostly to dopamineurons in the SNc, matrix
compartments are believed to receive inputs mostly from sensorimabote and project
towards the output nuclei SNr (Gerfen, 1984; Fujiyama et al., 2011; Smith et al., 2016). This
has led to the suggestion that the matrix coampment might be encoding action values,
while thestriosomesstate values (Doya, 2002).

Thus, @ven that substance P could be regulating dopamine release only in the
striosomes (Brimblecombe & Cragg, 2015), and this compartment might be encoding for
state values, our next hypothesis was that the injection of the substance P antagonist might
have davnregulatedthe learning rate| , of the state values only, slowing down the update
of state values. To test this hypothesis, we performed another two batches of 100
simulations of our reversal experiment, where a taction sequence had to be lewad for
40 sessions and then in a second phase we changed the reinforced sequence to the reverse
pattern and decreased to 0.03 during the first 100 trials for one of the batchege called
GKAa GKS h Y2RSt o

Figure46 shows the results of this manipulation on the second phase of the reversal
learning experiment. Again, the plots on the top are the real data from the reversal learning
experiment in which substance P antagonist was injected during the first three seeion
the second phase, and the plots on the bottom are the results from manipulatinghe
first 100 trials of phase 2 in the simulated agents. Coumttiitively, reducing the learning
rate of the state values (red line), produced an improvementim learning curve of the
new action sequence in comparison to our model without amdification (blue line). This
replicated the results from our first experiment, as showfigure46a. Furthermore, when
the other behavioural measurements were analysed, it was found that the distal/proximal
ratio and the mean number of actions per trial also showed similar trends to the behavioural
data.

Figure47 shows the action preferences and probabilities for the distal and proximal
LI2AA0GA2Y 27T (K SdedolghdliPbbth phsses. TisEnGations iY'which

the parameter was decreased (dashed lines), show that there was a small decay in the
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only for the second phase. Top plots show the results from the riexgatal data whee the red line shows the results from the rats injected withhid3,060
YR GKS 06fdzS tAyS GKS NBadzZ Ga FNRBY O2yGNRf NI Gaod ¢ K contdlimodeMbluedng).(Frc
left to right the following performance measurements are shown: (a) proportion of perfect trials, (b) distal/proximal ratio and (c) the meanpactidat Dat:
are shown as mean + SEM. For the simulations all 30 sessions are shown, while for the real fiftstalth sessias and the last session of the second phast
shown. * p < 0.05. 137
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Figure47. Changes in action preferences and probabilities in the reversal learning experiment
h-was modified.Top plots show the action preferences for the left and right actions in the (a)
S, and (b) proximal, o5 positons of the sequence, whereati@ bottom plots show actic
probabilities for the left and right actions in the (a) distal, &nd (b) proximal,.& positions of th
sequence. Blue lines represent the left action and green lines represent the right.a8tbd line
showtheresultsF 2 NJ 1 KS O2y iNRf Y2RSf>X gKAfS RIaKE
green and blue lines represent the average of all simulations and the grey lines show each ir
simulation to display the range of varidty.

action preferences at the beginning of the second phase, induced by the downregulation of

hy LI NOGAOdzZ F NI & Ay GKS | OFiged7a)lLIbidldetajNdasld 2y
the action preferences of bothctions more similar to each other at the beginning of the

second phase, which meant, again, that the agents did not have to unlearn theusgyi
crystallised action preferences, and thus acquired the reverse pattern faster than the control

group. In paticular, it is possible to see that the probabilities of doing left and right in the

distal position Figure4700 a g A G OK aft A3IKiGte& FlFradSN gKSy n
the second phase. Thus, it seemstthmnipulating the learning parameter of the state values
produced essentiallyhie same effect as our previous manipulation, resetting the action
preferences in the model, but in an indirect way.
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