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Abstract. Three novel brain-gded multi-modular neural ework archiectues
are deeloped br the ®lection (decison making), genetion and control of
arm and oculamovements in normalnal diseased brain states. The modules
are deeloped sing much of what isknown about the humabrain andits
functional andmodular decormosition. The nodels are: (1) Bural model of
dopaminergic control of ex movements in Parkinson’s disease pkaksia
(2) Neural population model of decisionaking for the generation of ocular
moverents in the antimacace task and (3 spking neural model of decision
making with variableclimbing activity for the generation of odar movements
in the anisacede task All three conputatiorl neural modelsare consistent
with pertirent constraints frm primate and human neurobiojogand the
related computer simulationgepioduce ley aspects of experimental
observationsegarding vduntatry arm andocularmovements.

1 Introduction

Arguably ore of the nost difficult problems in science bday is the bran-mind

problem. Undestanding the bran’s principles of acion would be of geatvalue in

many areas,Ueh as m neuroscience in undestanding human diseasesn medical

science, aswvell as n goplicaionsto develop autonomousrobot control systems. The
“astonishing hypothesis” is that our minds can be eylained by understanding the

detailed behavior of neurons in the brain and their interacionswith each other [27].

Brains are collections of billions ofinterconnected cells, each of thebeing &

individual nmechingy, which receivs, pocesses rad transnits information. The
human bran generats @mplex paterns d behaior at different scaks of
organizaion basel on the large anount of neual conponets that interact
simultaneously in a rich number of parallel ways. Inorder to understandthe inherert

complexity of swch a systemmary complementary resarch strategieare usually

enployed.
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Nowadays scietists areorientedtowards the test of mmthematicaimodels and the
simulation of neuobiological detils. This reseach direcion has impeled the
emergenceof the conputational neuroscience field, which is an eolving gproad
that dravs a neuobiological dag, but uses conputational modeing and omputer
simulations b investgate te principles d operaion governing neurons and netvorks
of neurons The donain is rapidly growing, involving resarches with backgounds
rangng from psychdogy and celluar bhiology to mathematics, pysics au artificial
intelligence.

The work presetted in this doctoral dissertatio lies at tke intersection 6 three
domains: neuroscierce, artificial irtelligence am robatics. Ths work makes wse of
conputer smulations with neworks of neuon-like eements in order b understand
how cogritive phenomena of voluntary mosement can be grourded at the reural
level. In doing so, we enploy simulations wih biologicaly inspired neural modek.
The geneal aim is to explore theneumal mechanisma that has been teste
experimentally at multiple levels of complexity (cellular, reuroral and tehavioral)
and n different states of nind (hormal and dseasejlthat underlie the seécion d the
appopriate notor command from a reperbire of othe motor conmandscgpabke of
geneating ard contolling am and ocuhr movenents in a gven ontext that can at a
latter tme dive adonamous robaic control systens (ot treatedin this doctoral
disseration).

The hnovativeaspect®f this doctoral disseéation are:

1. A neural model of neuromodulatory (dopamine) contol of arm movenents
in Pakinson’s disease (PD) brakipesaisintroduced [29, 9,10, 11].

. The nodel is multi-modular @nsisting of abasal ganglia nodule
cambe of selecting the nost apgopriate motor comnd in agiven
conext, a @rtical module for coordinaing ard exeauting the final
motor commands and a gino-muscub-skeletal module for guiding
the armto its final target and providing proprioceptive (feehad)
input of the curren state 6 the nuscle and arnto highe cortical and
lower spinal centers.

. The neromodulatory model is successfl at offering an alternaive
explanaton to what othea modek suggest about the causes D
Parknson’s disease brakinesia. Mae specifically, it focuses nore
on te effecs of dopanine (DA depletion in cortex ard spinal cord
andlessonits effect in basalganglia (asother modek have doné.

o The neromodulatory model provides aunified hearetical framework
for PD bradykinesia andit is camble of producing a weath of
neuonal elecromyographic ard belavioral movenent enpirical
findings. From a mathematical point of view the model is anexcellert
ong since it can produceall the® resilts with only six free
paraneters. The models main prediction is that dopanine depktion
in the catex ard spnal cordplays a sigificart role in the generation
of voluntary movenent in patents with Pakinson's dsease. Tlsi



prediction is worth investgating nore thorougHy by experimental
brain scienists.

The nerromodulatory model also offes functonal roles for the
reciprocal ard bidirecional types & neurons obseved experimentally
in primary motor cortex [23]. The node suggests hat bah types of
neuons orrespord to wo party indegndent neuronal systens
within the notor cortex [22]. The actiuty of recprocal reurons is
organized for the reciprocalctivation d anggonist muscles, whaeeas
the actinty of bidirectional reurors is aganized for the co
contacion of anégonist muscles. Whereasthe reciprocal pattern of
muscle adtvation senes tomove the joint from an initial to a final
pasition, the artagmist co-contraction serves tancreasehe aparent
mectarical stiffness of tle jant, thus fixing its posture or stallizing
its couseof movenent in the presencef external force petturbaions

Furthermore, the nodel predcts that the aigin of the reptitive
triphasic patternof muscle actiation enployedto bringthe limb from
a startiig position to afinal one orignates fran the cscillatory output
of the basal gawglia structures [13. This attempt is one of the few
succeshil marriagesof theory and expament.

Finaly, the neuromodulatory model predcts that the movenent
variability obsened in PD knematic studies aiginates fran
variability in the lewels of dopamine in BG, cortex andspinal cad and
offers though expeiments that must be llowed more thoroughly by
experimentalists. THs isone of the few attemts in the conputational
neurosciencéield whee thery leads ad guides experiments.

2. A neural nodel of how deisions ae formed in an antisaccade kass
introduced 3, 7, 8]

The nodel issucceshil at explainng why the rgsonsetimes in the
antisaccade t&sare so long andarieble and at predicting accurately the
shapes of correct and eror RT distributions aswell as tle respose
probahblities of a large 2006 sarple of subects[1,2]. The wealth of
simulated resuts makes the model unique in comparis;n to other
modek.

In the nodel, decisions ra formed via stochasticaccunulating
processesand contrast enhancemt of the decigin signals. More
specficaly, two corticaly independent and atially separad deciion
signalsrepresating the readive and planned sacake sgnals whose
linearly rising phases areerived from two normal distributons wih
different means ad siandad deviatons are mtegraed at opposie
locations wheae they ompete againseach ther via lateral egitation
and renote inhibition. An ocdar movement is initiated when these
decbion processes, rpresenied by the neuwonal acivity of subcatical
neuons with nonlinea growth rates vaying randomly from a nornal
distribution, gradually build up #ir activity until reaching a preset



criterion level. The crosing of the preset criteria level inturn releases
the “breke” from the SCburst neuons ad alows them to dischage
resuting in the initiation of an acular novement.

The nodel predcts that there is naneedfor a topdown inhibitory signal
that prevets te eror prosacadefrom being epresed, thus allowing
the correct atisaccade tobe released. his finding dallenges the
currently acceted view ofsaccadegeneation in the atisaccade tds
which requires a bp-down inhibitory signal to suppres the erpneaus
saccadeféer the correct sacadehasbea expressd.

3. A spking neural model with variable climbing activity is introduced as an
extension of the previousneural model of decision mekingin the atisacade
task[4, 6,5].

In contrast to other modek, which have addresed the poblem of
explaining the linearty of the cimbing actvity as wel as poviding a
functional role dof the climbing activity, the spking model is anattempt
of addressing the specific biogigal mechanissn uindelying the
geneation of the sbwly varying climbing temporal integraor-like
activity of the decisionsigrals inthe prevous neural pgulation model
of the atisac@ade tak.

The iking modelis a multi-modular neural netvork model consisting

of two catical modules hat drive the neuronal popuation nodel to

produce sacake reaction times (SRTand responsprobabilities in the
antisaccade $k. The cortical neuronh firing ratesof both oortical

modules arederived from the interplay of aweath of ionic andsynaptic

currents. Hodgkin-Huxley matrematical formulations are enployed to

model these cuens. Symmetric ath asynmetric typs o neuronal

connectivities as well as homgeneous and heterogeneous neuronal

firings ae tesed.

The nodel predcts that only the Iyap Invpa, @ndlavpa currentscan

produce the obsened variability in the climbing activities of catical

decision signal. The nodel also prdicts the rang of values of these
current$ conductancesThe cortical decigin sgnals cansiwbsequently

drive a well established SQitssaccadegeneration radel andgenerae

correct antisaccade and error prosdecaaction time (RT) distributions
aswell as respose robabilities of alarge groupof 2006 sibjects.



2 Materials and Methods

2.1 Neural model of dopaminagic control of arm movements in Parkinson’s
disease bradykinesia

As a basalganglio-cortical nework, | chase the VITE (Vecbr Integraion ToEnd
point) model of [16], which | hee extend The original VITE model was tose
because (1) its capableof geneating shgle joint armmovements [16], and (2) it
permits the furctional interpretatim and simulation o propeties d many types &
idertified cortical reurors [20]. In my version of the VITE model, the types and
properties & the catically idertified neurons are eenhded and the effects of
dopanine deletion on key cortical celular sites arestudied. In the model an am
movenent differencevecr (DV) is computed in parietal area 5rom a conparisonof
a target positiorvector (TPV) wih a reresemation of the curernt position called
perceved paosition vecor (PPV). The DV signal then projects toarea4, where a
desred vebcity vecor (DVV) and anonspecific co-ontractive signia(P) [22] are
formed A voluntarily scalalbe GO sigml multiplies (i.e. gtes) tle DV input to bath
the DVV ard P in area4, andthus valitio nal-semsitive velocity ard nonspecific co
contactive commands argeneratd, which activate thdower spinal centers.The
DVV and P spnak correppond © two patly indepadent newronal systems with the
motor cortex. DVV repesens the activty of recipracal neurons [23], ard it is
organizedfor thereciprocalactivation of artagonist muscles. P regeselts the activty
of bidireciond neuons (i.e. neuronswhoseacivity decrases or mcreags forboth
direcions d movenent [23]), and t is organized br the co-ontracion of antagonist
muscles. Whereas the reciprocal pattefimuscle adtation senes tomove the joint
from aninitial to a final position, the anagornst co-cortraction senes toincrease ta
apparent mecharical stiffness of tle joint, thus fixing its pcsture or s@hlizing its
courseof movement in the preseaeof exterral force perturbations[15, 22].

The spinal recipient of my VITE variant model conmands is the FLETE
(Fadorization of LEngth and Tension) model [15, 17, 18, 19]. Briefly, the FLETE
model is an oppoent procesing nuscle control model of how spinal circuits afford
independert voluntary corirol of joint stiffness andjoint position. It incorporates
second-order dynamics, whiplay a large re in realistic Imb movements. | exerd
the orginal FLETE nodel by incorporatinghe effect of the nowortically controlled
co-ontractive signal (in theoriginal LETE model, theco-contraction signal vga
simply a paramete) onto its spnal elenerts. Also, Istudy tke efects hat copamine
depktion onkey spinal centers has a voluntary movenents.

The canplete matlematical formalism of this model canbe fownd in secton 5.2 of
the dssertatio manuscript.

22 Neural population model of decision making for the generation of ocular
movements in theantisaccade task

The nodel is basedon the canpetitive integration model of [24] (see sectio 8.2 of
the dssetation) with LATER-like [25 26] inputs (see sectin 8.1 ofthe dissetation).



In the nodel [3,7, 8], the preparatiorof an antisaccadicye movenent consists of
two independent andspatially se@rateddecision signals represtng thereactive and
planned sacae plans. Amovement is initiated when these decision processe
represented by the naironal acivity of SC buildup neurons with nonlinear growth
rates varyingardomly from anormal dstribution, gradually kiild up their activity
urtil reaching a preset criteion level. The ciossing of the preset criterion lesl in turn
releases th “bralke” from the SC hurst reurons andallows themto discherge resiting
in the intiation of aneye novement. Ore of the key assumtions of the model is that
in the suprior cdliculus, the two decison processesare irtegrated at ppcsite
colliculi locations and theyampete with each tiervia lateral excitation ancenote
inhibition. The gowth rate in one decisim process siws down when the caher
decisionprocess is active atie sane time.

The neural model propcses tlat (1) the competition between th SC buldup
neuons acoding the decsion sgnals ard the randomly varying nonlinear growth
rates of e decision proceses arethe undealying neural mechansms neeled to
explain why the SRT's are sodng, (2) the randomly varying nonlinea growth rates of
the deision processegenerde accuratelyhte mrrect ad error latencie aswell as
their shpe distributions see in the atisaccade taskl, 2], aad (3) the interplay
between the criterian level and the ran@mly varying growth rates of tle decision
processesan sicces$ully simulate the error ratem the antisaccade tds

The canplete matlematical formalism of this model canbe fownd in seciton 9.2 of
the dssertatio manuscript.

2.3 Spiking neural model with variable climbing activity of decisionmaking in
the antisacadetask

Standad Hodgkin-Huxley modeing techiques wereused to simulate networks of

single ompartmental modek of cortical pyramdal neuons and cortical inhibitory

interrewrons (IN). The mathematic formalism of this model can ke found in sectiom

132 of the disseration menuscrpt. Low spontanecus backgound actvity in the

nework was amulated by ddivering rendom noise b all pyramdal and GABAergic

cels, geneated from Possm processes cawvolved with the AMPA, NMDA and

GABA syngtic conductanes. Because wg little is known about the detade
connectivity of neurons andthe assoiatedsynaptic strergths in the frontal catices,
we intentionaly kept the netvork model asgeneralas msshle. Two netvorks of 10

pyramidal cels ard 5 GABAergic interneurons eat weresimulated. In eachnetwork,

| assumed that all pyramidal cells ard GABAergic interneronswere fully connected.
The output of each netwlorwas the avage population activity of a hagenous
popuation of newons with idertical cannections Theseoutputs were henusel as he

input drives ofthe siperior colliculus (SC) model presetedin section2.2 [3].



3 Results

3.1 Neural model of dopaminegic control of arm movements in Parkinson’s
disease bradykinesia

The peseit modelis amodd of voluntary movenent and proprioception that offers
an integratedinterpretatim of the functional roles of the dverse cell typs in
movement related areasf the primate cortexThe nodel issucceshil atproviding an
integraive peispectve m cartico-ginal control of pakinsonian voluntary movenent
by studying the effect of dopanmine deletion on the output of the basal garglia,
cortex and spnal cord.It can acount for the many known enpirical signatres of
Parknsanian willfu | actionswch as

e Increasectellular reactiorime

e Prolongel behavior reactin time

e Increasd duration d neuronal dischage in area 4 preaing and following
onget of movement
Reduction of firing intersity and firing rateof cells inprimary motor cortex
Abnormal oscillatory GPirespnse
Disinhibition of recprocally tuned cells
Increasesn baseline activity
Repxtitive busts d muscle actiation
Prolongaton of prenotor and electronechanical delay ties
Reducion in the sze aml rae of devebpment of the first agonist burst of
EMG activity
Asymmetric increase in tht@meto-pe& and deceleration tien
Decreasén the pe& valueof thevelocity trace
Increasem movenent duration
Substntia reducion in the sze andrate of development of muscle
producion
e Movemen variahlity

These findings provide emugh evidence o suppat the maein hypothess d the nodel
(see chpter 2 of the dissetation). Detils of the smulation resuts can be fourd in
chaper 5 ofthe dissetation.

3.2 Neural population model of decision making for the generation of ocular
movements in theantisaccade task

The nodel presented trein offes an alternative view for saccadic ey novement
genegation that is supmrted by experimental evidence The model is primarily
concened with what hgppens afer the motor comnands are formd, how the wo
processesf reflexive saccaic suppresion and voluntary reponse generation i
represeted in the brain rd how they ag¢ handicgppel in the antisaccadmask. In the
model the rising phass of he plannel ard reacive inpus were inear and hiey took



values from two normal distributions with different means ad sendad deviations
The nodel offers a functional rationale at the SC reuronal popuation level d why the
antisaccadic &ction times ae so long ad variable and simulates accurately the
correct antisazade and error prosact=latenges, the kape of RT distrbutions ad
the erra probaliities. Detals d the model's assmptions, sinmulation resuts ard
predictionscanbefoundin chaper 9 of the disseration.

3.3 Spiking neural model with variable climbing activity of decisionmaking in
the antisacadetask

The observe varidility in the rising phaes (slopes) ofthe reactive anglanned

inputs to theneuralpopulation antisacck model (see section 3@ this paer) in

the form of average firhg rates of the pyramidal neuons was bundto be due b noise
in the omnductancesof the Iy, and kupa currents Noisein the onducencesof Ik,

Iprs, Ic and lya curerts ddn't produce ary variability in the risirg phase d the

averge firing rate. The slop®f the clinbing activity was carefdly adjused so that
the simulated corect aml errar RT dstributions and tle errg probabilities to

approxinate the @peimental onesin an antisaccadeask (see Tale 9.3 of the

disseration). | estmated the slopesof the rising phases of the averge firing raes o

two aortical ndworks of neurons in each ta by fitting to thema straightline. | usel

these gsbpe vdues asvalues of the slopes of the rising phasesof the plamed and

reactive input®f [3]. The sbpevaluesof the reactive red planned inputsveresorted

in ascendin@rde, 0 that he slopeof the reactivanput wasalways greater thanhe

slopeof the plannal input. The threshold was adusted, sothat the simulated error rate

closel matched he obsewred. Its valiewas &t to a diferentvalue for ead group, but

it was lept fixed across trials foeachgroup [3]. Details d the model's assmptions,

simulation results ad predctions carbe found in chapter 13 of the disseration.

4 Conclusion

Novel brain-guided miti-modula neural nework achitectures e developed for the
sekcion (decision neking), geneation ard contol of amm and ocillar movenents in
normal and disasedorain states. The wdues are deeloped using much of what is
known atbout the human train and its functionaland moduar demmpostion. All three
conputatonal neual modek are onsistent with petinent constraints from primate
andhuman neaurobiology, and the related computer smulationsreproduce keyagpecs
of experimental obsewations regading voluntary armandocular movenents.
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