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Abstract

In a previous report we showed that neurons in the Anterior Cingulate Cortex (ACC) might encode
theserialorderof thethreecomponentg§lst,2nd,and3rd) of motorsequencesirespectiveof which
componenis performedandirrespectiveof thecomponenthatprecedesr follows. Herewe further
explorethesedataby comparinghemagnitudeof cell activity atthedifferentranks Wealsocompare
theactivity recordedn themotorsequenceandin taskswith only onemotorcomponentWefinally

discuss functional hypotheses, which may account for the serial order encoding.
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Introduction

Serial-order effects have been described on neural activities timely related to sequentially
presented sensory stimuli in M1, arcuate cortex, and caudate nuctepsriteet al.
1999Barone& Josepl 989Kermadi& Josept995),andonactivitiestimely relatedto motor
components within a sequence in arcuate cortex, SMA, and pre-B&ane & Joseph
1989Tanji & Shimal994Clower& Alexanderl998).Thelaterreflectedtherelationalorder

of a specific motor component with respect to others, or its serial order irrespective of which
movements precede or folloRrocyket al. 2000 provided the first evidence that the serial
order of sequence components, irrespective of which movement is performed and of which
movements precede or follow, was an important determinant of ACC activity. However, in
thisreportno attempthadbeenmadeto characteris¢he serialorderpatternsandto elucidate
theorigin of serialorderencodingandits putativecontributionto the cognitiverepresentation

of sequential behaviours.

In the present report, we further explore the physiological basis of serial order encoding by
ACC and its role in the organization of sequential behavioural structures. Using the pool of
datapartially describedn our previousreport(Procyketal. 2000),we comparegheamplitude

of the activity at different epochs of the sequence to look for possible systematic temporal
patterns of neuronal response. Moreover, in a number of neurons, we also compare activity
duringperformancef thesequenceéaskandduringperformancef asimpleworkingmemory

task with only one component.

* Correspondence should be adressed to: Emmanuel Procyk procyk@lyon.inserm.fr



1duosnueiy Joyiny OV-1vH

1duosnuely Joyiny Ov-TvH

I
>
I
>
@)
>
£
—*
=
=
<
o
S
c
@
Q
=
—+

Procyk and Joseph

Methods

Page 2

Two malerhesusnonkeyqM andP)weretrainedto sitin aprimatechairin front of atangent
touch-screen monitor (Microtouch System, Methuen, USA). Eye-movements were recorded
in monkey M using the scleral search coil technique. A moving eye-position window centred
on the fixation point (FP) or on the different targets was used to control the position of gaze.
A recording cylinder was implanted over the ACC. Surgical, electrophysiological, and
histologicalproceduresveredescribegreviously(Kermadi& JosepH 995),andwerecarried

out according to the European Communities Council Directive (1986) (MinistZre de
IOAgriculture et de la Forst). CORTEX, PCOFF and MATOFF softwares (NIMH
Neuropsychology and Systems Neuroscience, Bethesda, Maryland) were used for data
acquisition and offline display.

Behavioural protocols

Bothmonkeysweretrainedin asequentiaproblem-solvingask(PST).Theproblemconsisted

in finding, by trial and error, the correct sequence for touching the 3 spatial targets (Fig. 1B).
Completaaskschedulandbehaviouratiatahavebeerpublishedoreviously(Procyk& Joseph
1996,Procylet al.2000. Briefly, atthebeginningof atrial, theanimaltouchedheleverwith
onehandatwhichtimethecentralFPappearedndremainedlluminatedfor 2s.Eighthundred
(800)millisecondsollowing theonseof fixation, all targetswveresimultaneouslylluminated
atthestandardevel (grey).Whenthe FPwasextinguishedpculomotoractivity wasfreedand

the animal was required to select the 1st target within 600ms. After a first period of target
fixation (900D1200 ms), all targets turned white (OGOO signal), and the animal had to release
the lever and touch the same target during the subsequent 1000ms. If the touch was correct
(i.e. the selected target was the first of the correct sequence), all three targets were re-
illuminatedatthestandardevel,while themonkeymaintainedts handpositionandperformed
asaccad¢o the2ndtarget.Acquisitionof the secondandthird targetsollowed thesamerule.

A drop of juice was given at the end of a correct trial. The same sequence was repeated until
theanimalhadperformedatotal of 4 correcttrials. Oncethisrepetitionperiodwasterminated,

a visuo-auditory signal indicated a change of sequence. There were 6 different sequences to
find (LRU, LUR, ULR, URL, RLU, and RUL). In the case of an incorrect touch, a break of
fixation, or anearlytouch,all targetswvereextinguishedandthetrial wasabortedIn this case,

the animal had to resume the trial from the beginning. For example if the monkey chose the
first correcttargetbutanincorrectonein secondthetrial wasabortedatthesecondouch,and

the animal had to start a new trial to continue his search.

MonkeyM wasalsotrainedin adelayedesponse¢ask(DRT)(Fig. 1B). In thistask,onesecond
afterthebeginningof FPfixation, oneof thethreetargetsvasilluminatedat standardevelfor
500 ms (cue).

After a delay (2.5 to 4.5s) the 3 targets were illuminated together. The FP was extinguished
700 ms later, and the animal had to orient its gaze towards the target-cue and fixate it. When
all targetsturnedwhite (OGOO-signatheanimalreleasedheleverandtouchedhetarget. A

drop of juice was given at the end of a correct trial.

Data analysis

Hand reaction times (RTs) and movement times (MTs) were computed.

Neural responses to onset of the 3 targets were classified as OphasicO if they lasted less than
700ms, and OtonicO if they lasted for more than 700ms.

Theanalysison serialorderwasperformedonly with thecorrecttrialsfrom DRT andfrom the
repetitionperiodsof thePST.Neuronalactivity wasmeasureéh 1 epochin DRT: [FP offset?

Eur J NeurosciAuthor manuscript; available in PMC 2007 July 20.
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target touch] =EDRT, and 3 epochs in PST: [FP offset ? first target toudh] Hfirst target

touch ? second target touchE2, and [second touch ? third touchE3 (Fig. 1B). Thus the
activity in eachepochrelatego theacquisitionof thesametargetsuccessivelpy thegazeand

by the arm. Trial-by-trial discharge rates were computed in each epoch and constituted the
basis for the statistical comparisons (Mann-Whitney U-test, at p<0.01). The effect of target
position on neural activity was examined for E1, E2, E3, and EDRT separately (ANOVA,
p<0.01). The global rank effect during PST trials was tested by an ANOVA (p<0.05). The
ordering of average activities (table 2) was made after a LSD Planned comparison (p<0.01).
The comparison between PST and DRT focuses on E1, E3, and EDRT which share common
characteristics: E1 and EDRT started with a saccade from the FP and ended with an arm
movemenftrom thelever,andE3 andEDRT endedwith thefinal armmovemenfollowed by

the reward delivery.

2 goodness-of-fitestwasusedto compareherelativefrequencie®f categorizederialorder
pattern.

All statistical analyses were performed with Statisti¢&tatSoft, Tulsa, Oklahoma, USA).

AnimalsO performance in PST has already been publBrmayk & Joseph 1996,Procgk
al. 2000). In the DRT, the performance was over 85% correct trials.

In the PST, RTs and MTs of the first movements were longer than those of the third (RTs: t-
test, t=43, df=3494, p<168 MTs: t=19.8, p<10°8) (Table 1). RTs and MTs of the DRT

were different from those of the first (RTs: t=4.8, df=2760, p23,aMTs: t=16.8, df=2760,

p< 10 %8) and the third (RTs: t=28.9, df=2760, p< & MTs: t=34.12, df=2760, 189
movements of the PST. However, the range of values of RTs and MTs in DRT was closer to
that of the first than that of the third movements. In both tasks, the saccadic RTs from the FP
were similar. In summary, the movements in EDRT and E1 are comparable and are slower
than in E3.

Neural activity was recorded from the anterior part of the dorsal bank of the cingulate sulcus
(area 24c) in or, more likely, anterior to the rostral cingulate motor area (CMAr) (Picard &
Strick 1996, Matellet al. 1991, Wanget al. 2001) (Fig. 1c).

We analysed 125 of 191 (66%) task-related neurons (109 and 16 in monkey M and P
respectively), which activity changed during the execution of sequences in thE&syk(

et al.2000). We recorded 44 of these during both PST and DRT, and 4 other neurons were
recordedduringDRT only. Theother66 neuronshadsignificantresponse® errordetections,
reward, or to signal of sequence change.

InthePST thelocationof thetargethadasmallbutstatisticallysignificanteffectontheactivity

of 40(40/125=32%)cells,in atleastoneepoch(ANOVA, p<0.01).Theordinalposition(first,
secondorthird) of atargetbeingacquiredvithin thesequence thePSTwasthemajorsource

of variability of activity between epochs (Fig. 2 andBj)acyket al. 2000). When several
epochs showed a change in activity, the temporal pattern of response, relative to behavioural
events (e.g. activation before arm movementE), stayed comparable across these epochs in
spiteof thechangen magnitudeThisjustified thecomparisorof averageactivity in thethree
epochs. A serial order effect (ANOVA, p<0.05) was found in 93 cells (93/125=74%), the
activity of which is presented in table 2 for the three epochs. Almost every possible pattern
was observed, but the proportions found were not randomly distributed. For instance, the 6
casesn thefirst threecategoriepresenteih table2 showedinequaproportiong?2, p<0.004),
E1>E2=E3 and E3>E1=E2 being the most represented. Although an interaction between

Eur J NeurosciAuthor manuscript; available in PMC 2007 July 20.
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spatialparameterandordinalpositionwasfoundin 18%o0f cells,theactivitiesneverrevealed
a clear preference for specific sequences.

Six cells(6/48=12.5%)showedesponseto cueonsetin theDRT. In two of thesetheactivity
lastedduringthedelayperiod,upto theonsetof thethreetargetsFortheseneuronscue-and
delay-activitieslid notdependnthecuelocation(ANOVA, p<0.01)Figure2 and3illustrate
the activity of 4 cells recorded in PST and DRT.

In 23 cells (23/44), responses to onset of the 3 targets (16 tonic and 7 phasic) were observed
in the DRT only (Fig. 3A). Responses were observed in the two tasks in 6 other cells. In 3 of
these, the activity was increased in one task and suppressed in the other.

In EDRT, the spatial parameters had an effect on the activity of 4 (4/48 = 8%) cells. Neurons
recorded in both tasks were classified according to the magnitude of their activity in epochs
EDRT, E1, and E3 (table 3).

Neurons responding in pure anticipation of- or, in response to reward delivery, were
infrequentlyrecordedOnly 18cellscouldbecharacterizedsreward-relatedyutmostof them
werealsorelatedo othereventsFourteer(14) neuronshowedoarticularesponseaftererror
eventgincorrecttouch,breakof fixation). Noneof themwerespecificto oneparticularevent.

Ten (10) of these were also activated by signals for change of sequence. Interestingly, breaks
of fixation occurring early in a trial usually elicited less activity than late breaks of fixation.

Oneinterpretatiorof theserialorderencodingobservedn the ACC duringthe PSTrelatesto
differencesn themovementsnadeat differentcomponentgranks)of thesequencedVe have
shown that MTs, RTs, direction of movement, or target position at different ranks were not
determinant factordfocyket al. 2000). However, the arm movements performed in E1,
startingfrom thelever,wereslightly differentfrom thoseperformedn E2 andE3,whichwere
madefrom onetargetto another Serialorderof thetype E1' (E2=E3),which mayreflectthis
situation, was observed in only 17% of neurons (Fig. 2A).

The other interpretations posit that serial order must be analysed in relation to the goal of the
sequence, i.e. in relation to the reward.

Thecentralrole of rewardin ACCOsunctionis nowwell documentedy studiesshowingthe
participation of ACC in voluntary movement selection based on rev@8hich@ & Taniji
1998, the possiblerole of rewardexpectationn thedifferentialactivationof ACC neuronsn
the two periods (search and repetition) of the problem-solving Raskyket al. 2000), and
the graded dependency of ACC activities on the reward value of tafgeiesz(& Joseph
2000. Ourresultswould thereforeillustratehow motivationalfactorslinked to futurereward
delivery may participate, through ACC, in the organization of sequential behaviours.

In this general framework, the serial order encoding of motor or sensory events may reflect:

1. Adichotomybetweemon-rewardedElandE2)andrewardedE3)epochsrevealed
by the pattern (E1=E2E3 observed in 19% of neurons (Table 2, Fig. 2B).

2. The OdistanceO of each epoch to the goal (the expected reward). Patterns of activity
suchase1>E2>E3r E1<E2<E3with amonotonougrogressiompossiblyreflecting
thedecreasingistanceyvereobservedn 12cells(12/91=13%)Table2). Thiswould
also explain the modulation of error-related activities according to when the error is
made in a trial, the actual motivational state affecting error encoding by ACC.

Eur J NeurosciAuthor manuscript; available in PMC 2007 July 20.
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3. A moreabstracencodingof therankwith respecto thegoal.Knowledgeof therank
of thecurrentactionis essentiato carryon sequentiaplans,preventachievemenof
sub-goals to terminate it, and secure termination of the sequence once the goal is
reached. This interpretation may apply to all neurons considered in this study, in
particular to all neurons (56/91=58%) with an activity profile not accounted for by
the other hypotheses discussed above. Figure 3 shows two neurons characterized by
a profile of activity of the type EZE1=E3) (Fig. 3A) and (E2>E1>E3) (Fig. 3B),
andfor whichthehypothesi®f anencodingof theranksof thesequenceomponents
may apply. Since numerous activity patterns were observed among cells, one must
consider that, globally, each movement or event at a particular rank was differently
encoded by the population of neurons. These activity patterns would represent an
unambiguous and distributed encoding of the rank of sequence components.

Duringsequentiatielaytasks sustainedctivitiesin prefrontalareagt6 and8A aremodulated

both by spatial characteristics and serial order of cue present®&emoné & Joseph
1989,Funahaslat al. 1997). Such activities have been related to the process of maintenance
of information for sequential planning. Serial order effects were also observed in caudate
nucleudor cue-andsaccade-relateattivities(Kermadi& JosepH995),andin SMA andpre-

SMA, with higher incidence in pre-SMA (Clower & Alexander 1p9hidara & Richmond
(2000)found ACC activitieswith complexrelationshipgo partsof aschedulén apredictable
seriesof trials. In theirreviewHikosakaet al. 1999proposedhatdifferentfrontal-subcortical
loops, which use diverse coordinate systems (spatial and motor), participate differently in
maintainingJearningand/orexecutingsequentiamotorplans.In thisframeworkourdatamay
show that, as proposed by Shidatal. 1998, ACC is part of a circuit (including ventral
striatum)thatkeepstrackof progresghroughbehaviourakequencegndusesa goal-centred
encoding system. This loop would also be differently recruited depending on the stage of
learning (Procylet al.2000). The integration, through connections between ACC and
prefrontalcortexor ACC andpre-SMA(Lu et al. 1994Wanget al.200)), of differentaspects

of serial encoding as seen in different structures, may provide for global representations of
sequential plans.

In contrast to a previous study (Niki & Watanabe 19@6r data do not support a particular

role for the ACC in maintaining spatial information during working memory tasks (DRT).
Although such discrepancies are unclear, we have to consider that 1) the previous study did
notcontroleyemovementandmayhaveencouragetheuseof adifferentstrategyto perform
thetask,and2) thelearningandexecutiorof thePSTmayhaveresultedn adifferentneuronal
organization of the delay task.

The comparison between DRT and PST, which differed by the number of components (1
3), shouldshedlight onthesignificanceof serialorderencoding A greatmajority of neurons
displayed activity patterns such as (EDRT=HJ (16%), (EDRT=E3)E1 (36%), or
EDRT=E1=E3(16%)(Table3) andtheiractivityin EDRT maybeinterpretedin referenceo
that observed in the PST, as arm-movement related (Fig. 2A) or as reward-related (Fig. 2B).
Thus,in amajority of neurong30/44=68%)the PSTandDRT dataarecoherentBy contrast,
two othersetsof dataarenotcoherentfirst theresponset onsetof the 3 targetsaredifferent

in the two tasks (Fig. 3B) and second, in a small population of neurons"HRIhd' E3
(5/44=11%:Table3). Elucidatingthe significanceof theseadifferencesnayprovideimportant
insights into the integration of spatial working memory and the sequential control of
movements.
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Figure 1. Targetdisplay,trial eventsin the Problem Solvingtask (PST)andin the DelayedResponse

task (DRT), and anatomical location of task-related neurons

(A) Location of stimuli on the display monitdrhe animal worked with 3 targets: the upper
(U), left (L), andright (R) targetsA 4!4mm centralwhite squareservedasfixation point (FP).

A squardocatedlOcmbelowthecentreservedasthestartinglever.(B) Schemaftrial events

in PSTandDRT.Eachcorrecttouch(blackarrow)wassignalledoy ashorttonedeliveredrom

a buzzer. Grey area: time of illumination of the Lever, FP, and the three targets. Higher
amplituden thegreyareafull illumination (GO-signal) EDRT,E1,E2,andE3aretheepochs
usedfor analyses(C) 2D reconstructiorof themedialcortex.Recordingsitesin thecingulate
sulcus are represented by symbols. Black circles show sites at which task-related cells were
recorded. Empty squares indicate sites where no-task related cells were found. CC: corpus
callosum, ArSs: rostral extent of the superior branch of the arcuate sulcus (ArS), end of SP:
caudal extent of sulcus principalis, SGm: medial superior gyrus, Cgd and Cgv: dorsal and
ventral banks of cingulate sulcus, CgG: cingulate gyrus.
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Figure 2. Activities during correct trials in PST and DRT

Two examples (A and B). Each raster line, where a tick represents the occurrence of a single
spike, displays cell activity recorded during one trial. Trials of the PST, which correspond to
the6 possiblesequencesindtrialsof theDRT, whichcorrespondo the3 possibleorientations,

are displayed according to increasing delay of the last target touch™®fbach in PST and

the touch in DRT are indicated by an empty square. A large curved arrow is drawn between
these events of the two tasks. Epochs are indicated. Rasters and histograms are aligned at the
levelof verticallines.Timeandactivity scalesreindicated(A): In PST anincreaseén activity

is observeduringthefirst epoch(E1).In DRT, anincreases alsoobservedrom theonsetof

the 3 targets to the target toudpoch effect (E1 vs. E3J=6.77, p<16’, (E1 vs. EDRT)

Z=2.74, p<0.006(E3 vs. EDRT)Z=6.42, p<1’; spatial effectE1: F(2,45)=1.84, ns, E3: F
(2,45)=2.20ns,EDRT:F(2,10)=0.05ns).(B): In PST aresponsés observegrimarily during

E3.In DRT thesamecellis activatedrom theonsetof the 3 targetsandduringEDRT (Epoch

effect (E1 vs. E3¢=5.12, p<16’, (E1 vs. EDRT)Z=4.09, p<1b? (E3 vs. EDRT)Z=1.17,
ns;spatial effect: E1F(2,26)=0.62, n&3: F(2,26)=0.65, n&EDRT. F(2,9)=0.34, ns).
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Figure 3. Activities during correct trials in PST and DRT

Two examples (A and B). Same conventions as in Figur)2I{ PST, the cell is primarily
activatedafterthe 15tand2"d touchesDuring DRT, thesamecell is primarily activatedatthe
onset of the 3 targets. The activation continues after the first sa&aateh(effect (E1 vs.
E3). Z=0.51, ns(E1 vs. EDRT)Z=4.77, p<18°®, (E3 vs. EDRT)Z=4.01, p<16% spatial
effect: E1 F(2,19)=2.29, n€3: F(2,19)=6, p<0.01EDRT:F(2,19)=0.29, ns)R): In PST,

the cell is activated before thé& and 29touches, and after the last touch. During DRT, the
same cell is primarily activated at the onset of the 3 targets, and then shows a pattern of
discharge similar to that observed at the end of PST tEaisch effect (E1 vs. E3]=4.56,
p<1d °, (E1vs.EDRT) Z=4.23,p<10Q 4, (E3vs.EDRT) Z=0.11 ns;spatialeffect E1: F(2,61)
=4.24, ns, E3: F(2,61)=2.73, ns, EDRT: F(2, 18)=3.11, ns).
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Table 1
RTs and MTs in the two tasks.
EDRT El E3
RTs 418 + 152 ms 438 + 118 ms 223+ 153 ms
MTs 394 + 108 ms 326 + 94 ms 269 + 83 ms
RT saccade 1 311+ 103 ms 312+ 122 ms
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Table 2
Classificationof cellsaccordingto their activity in the 3 epochsof the PST.E1, E2, andE3 representverage
activitiesmeasuredn the correspondingpochof the sequencesThe group OOther@orrespondo neuronsin
which the statisticalanalysisshowed for instance that E1=E2,E2=E3and E1" E3, and which could not be

% classified in the other groups. Cells with no serial order effect are not included.
'\ E1l (E2=E3 17%
> ! (E2=E3) °
@) E1>E2-E3 10 Fig. 2A
> E1<E2=E3 6
c
= (E1=E2)! E3 20%
o
= E3>E1=E2 12 Fig. 2B
= E1=E2>E3 7
)
2 (E1=E3)! E2 11%
- E2>E1=E3 8 Fig. 3A
= E1=E3>E2 2
=1
E1l E2 E3 23%
Progressive E1>E2>E3 8
E3>E2>E1 4
Non-progressive E1>E3>E2 0
E2>E1>E3 7 Fig. 3B
E2>E3>E1l 2
E3>E1>E2 0
Other 29%
27
TOTAL 93 100%
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Table 3
Classificationof cellsaccordingto their activityin the DRTand PST(Mann-Whitneytest,p< 0.01). Thegroup
OothersO corresponds to neurons that could not be classified in the other groups (see table 2).

Class number
EDRT=E1=E3 7
EDRT'E1" E3 (Fig. 2A) 5
(EDRT=E1) E3 7
(EDRT =E3JE1 (Fig. 2B, Fig. 3B) 16
Others (Fig. 3A) 9
Total 44
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