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nThe 75 years have seen enormous advances in and in 

allowed these two to cross Neural Networks (ANNs) were the first 

tec:nn01cIgy to emerge this union. ANNs are now a 

acc:ep1ted cornpl11tatlonal tool. since their f''''''~f'''''ntii,...n have moved 

into mainstream f',...'~n"~" .. science and away neurons on which are 

power continue to ANNs more advances 

in neuroscience "U''',","'''UL in ANNs. Recent years have seen the emergence fields 

as Neurclco:mJ;mtimg and I'leurclm()r aim to create neural networks 

more mimic real neural ",,,,~t"'Tn'" these new fields is 

that as 

science and '"'UI.,UA.""".AUI'" 

work has been done on models individual neurons, as these are the 

but less attention has to synapses. It has 

some time in When an ANN is 

it is the ,,,,.,.,r,nl' which are altered. the process 

does not do 

a synapse to alter its emlC1Emc:y in response to 

synapses over a very wide range 

1 

time 

synapses. 

reten:ed to as 

milliseconds 
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to years, a synapse can several different 

such as the well known Hebb's are a 

account on the slowest time Far more 

real synapses. attention needs to be to the short- and medium-term pAC""."""':1 

It 

Most would agree that the human brain is the most 

h.o .. .otn'"<> seems odd that and ps,rChIOloglS1~S 

human brain undel:stIUl(lmlg, say, the brain 

are 

neural network on 

endeavor to understand the 

the brains all LHGUllJJ.L"'''' 

Eric .I.>'G,"U'O! to 

show the or~~anlsnlS in the memory 

...... w ..... v,u came the that there are no 

between the neurons invertebrates and The author 

comes 

networks in .. ",,,,,,",,..'" 

The author's model the "," • ."Ll'';H.Y 

be it was necessary to bec:orrte UllUAU'll 

nervous The author was to a work 

to COIJlternpr neuroscience the non-neuroscientist. The 

an mt;ro~1U(;lt(m and is on a sourses. The 

;al.1.tnrTI.1tr1L. a well known and exl;enSlvel dOlcUlne:ntEld sea 

Part II "A\;u,,. .... '" process undertaken the author. 

2 

interested in 

on 

many 

org;anilsm as the 

a SPElClIlC synapse. 

Part I aims to be 

Part I is about 

the is 
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work 

In contrast to 

inner wo,rkinll:s we are 

all animal 

role is 1JU1.UIJ'cU'"'UI.t;; 

a neuron is an lll<:recll 

,-,,",!~ • .u"""5 to understand. To 

a to 

in electronics. 

~~ ... p .• ,-",,- Alll..'lt;;1.;W.':U Ul,,"-,lUl.Lt;; whose 

COlrIlPllciate matters there is 

no such as a neuron, and variations are found Ut;;If..'t;;I,lUJ.UI", on exact 

the nerve cell in \.ju"',,.'.v •.•. the true power 

networks. Human .... ,<Ou.&"" • ...,"', neurons 

which it models. 

but these ""''''"'''0 

of moderate to 

1 

interactions 

[14]. 

neurons have 

processor time to "UJ'J.UA."""~, '"' .• "".'-'.,.& the simulation or impiElm1en1;at:ion 

networks It is two COJrIll=letlmg 

the neuron ... ,.,'u,",,,, 

While real neurons come in countless still have much in common and it is 

common are prE~se:nt€d here. This "basic" neuron is 

in the lU<:UUU1<UU'Ul cord and is very to many 

3 
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in nervous !'!v~~T.p<m!'! Most more '-VAll})<'''''''' neurons on this 

neural and is not 

It similar material is PrE~se:nt€d in many other sources. 

2-1: a neuron [28]) 

A a neuron, taken from is shown in 2-1. a neuron 

consists three axon, the soma the cell 

"<, .. ·fnr""" the to the cell alive. the soma 

in a a.ll'''U..!<U.5 structure are the WJ1~etller with the soma, are the 1-'''0''''"",,:;; sites 

to the neuron. at a site called the axon is 

the axon. axon a structure similar to a a 

cell and <>"1<0.11'<::' At the nr".,,~n<'" are the 

OJ'""u .... 'u" which make connections with (or synapse neurons. the axon 

is the neuron. Like all cells the neuron is en(~10frea its cell memb'raIle 

4 
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which IUl1CtlOIlS much our This 

to 

the UUllLU'","<W. 

cell llU::Ul.Jl 

the cell and 

contain an assortment 

can have 

ditter~:mt concentrations outside the celL concentrations these 

ions means that there can exist a across the lU''1'-lIJl often the 

In the GUOt::l1VC 

the rest ... v.,;;,. ....... 

will settle at a 

with to 

extracellular the cell membran 

the an insulator. 

to v .... " .... ", in a are ~~AAA>,"~" molec-

ular structures ion channels. constructs can allow 

ions to pass _Ul VU.I'.U into or out the cell. More lrnnnl'1:""n1:lu the 

these channels can alter their vv.uu. ... ..,_. in response to certain or 

as asa 

n<> .. tnrTn similar 

ClUl...u_JlUU to the ion ", .. 'U.u.l<:;''', 

lD(:luc1mg pumps, <:;.1\.'""""''''5'''«:' 

pumps and ex(::na.ngers 

electrical and chemical 

SPElCltlc ions the membrane. At rest counteract 

the leaKa~~e ions are respo:nslble 

the cell to its ,.."",+,,,,,,. as move various 

transmitter UUJ1t::''-'UJ.t::o, rather 

Let us now COIISl(ler a neuron is 

to raise the membrane poteI:Ltla~l. A neuron whose is 

input, the result 

than rest is 

is 

to be 

pU.""'.l<~l is lower than rest is said to 

are received at sites 

this involves the axon 

the two neurons meet. In most cases 

the deDldri1~e the 

In the case a Ut:VUIG11;c,lU!'> the synapse allows an 

which raises the mElmlbr~lJle pv"t::lJ .• 1Q,1. It must be that 

instantaneous as it 

COIIGlICtlOIl. A neuron receives 

ions. the poteIltUlJ 

from <>rn'I1nrl 1000 

5 

and 

neuron. 

ions 

a neuron is not 

tree 
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sums their contributions pn)p~lg<!.Lt::s them to the soma, IT the membrane l'Vl'''''''"'' ..... at 

axon ex(:OO(is a certain value the or 

process ''''''''U.UJ'!''. to the IT"'1""',." .. an action LJUL,<:;UI,'<L.L 

a 

an action DoteIltHIl "JLLV''''''''''' ,..,'T.HJ'ITV ion "11':1.111.'''''''' 

"""'tjU"J.""L~'U. ion channel is in 2-2 

,..rC\lH'ii' -50mV relative to the exl;ra'Ce1.LUll!l.I 

sodium ions, This positive ions 

acts to membrane potellltlBu., which in turn increases the ........... L<.u ..... ",O:W .. " .. 

so on. This 

the cell membrane OJVI,\Jil'""',.1 

....... ""'u .. "'. closes 

same time that the 

results in the 

which constitutes half 

channel 

6 

about 

to 
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ions to leave the cell. This 

, while the pumps 

the channels are still TP('('.V·PTI 

the absolute 

is 

milliseconds the neuron 

the p01,entlal back to the rest p01~entlal 

to restore balance. a 

and so it is ImnOiSSll:He to elicit This is 

TP('()V'PT<'ri and to its rest poterLt18Ll, 

process occurs "~V'~'''.J at the axon • .L.<.I.j."' .... "., but rather than 

the AP at the axon tria".," .. " the same process in the 

axon, and in Thus the AP and 

a..uj'jJ'll~U''''C down the to the many synapses. The pr<)p~Lga,tlon 

the down the axon is a about if 

axon is 

This lUCl;U<UlLlOUl AP" ... ,,,P"-"'.,. is common 

to most OjJ'lAHl'~ neurons and can be aUll1;m.en1~ed 

It is 

As a 

ways 

can such as a ."""U';"":1 to in 

to constant 

the the action v"'.""""'" does not contain any information. 

.... UJIl~<>l .. "'U in the times. There are several 

l1llUU.Ha..HU'H can be enc~odled firing times and these are 

diffen~nt codes can be used at are at all 

The neural prlesEmted in this section are 

below. None 

in the 

"."., ......... Rate Codes 

In its SlD1Pl,est sense a rate converts a variable" to a rate. However 

are UIUllUIf.l1C UCjll"j'~l'Jll" each with The most obvious 

more negative than the resting potential, is generally refered to as the 

insulating substance which is glial cells and forms a sheath around 
role is to up axonal conduction. 

7 
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definition would be the number of per second. with this aDl)rO,aCn is that 

in order to a rate it is necessary to count the number of 

a certain time window. The time ... "r01111Corl the to re~,pc,nd to a "U':>..!l!,'''' ill is 

the of this wltH10w we make the window the number of 

oc(~urrin~g within the window will ue{:n::':I.Ile. which reduce the accuracy and resolution of 

the extreme end of the would be the use of instantaneous rate, is 

the inverse of the time between two 

It must P01:lltE:a out that "v~:t.p1m!'! in nature have no "end user" and the 

is ""E>~"~"""" to the author has this a 

to it is slg;mJt1clwt here because it means that there is no outside observer to .".",,.tr.,rTYI 

Neural ",,,,,j-,,'rTI" are not clocked like 

functions must be pe:rtorm,ed in a average manner, with 

.. """,."r>nlJ' neuron's time constant. 

so any 

"window" , or filter 

ua..u.",,,;U """""'JIU\,"'", consider a stretch re(!ep'tOlr- that encodes muscle extension as a 

mean rate. Such a will not vary too so let us assume a 

"window" of about 50ms. Next let's assume that some of the brain wants to know when 

the 1jLl"'L'';lllJ.lK reaches dangerclUs task could be n"1rtnlrrn,'rI a 

neuron whose is such that an for it to reach 

due to the 50ms "v,"r~'.0'11nO' a sudden increase in 

stretch "'~'''''A>V'' take up to 50ms to ,.",t.,"",,,, ... 

Instantaneous a much 4LL'''A'C:;1 response, but the 

amount mtonnatlOn inaccurate. The situation can be irnnr,'\v~'rl 

neurons in "'""U."""", which is trpnn,,,nt the case in IiVIir.enllli. This 

us to next section. 

are similar to rate in sense that 

in terms of number of in a time interval. difference is that a uu" •• u'u code 

stretch receptor is a specific type of sensory neuron which provides feedback as to the degree to which a 
muscle is extended. 

8 
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makes use of a group neurons 

if we 

the rate is eXDr~ElSS,eu as the UUUUJ<Ol of neurons 

at one time. 

any two will 

tru';t-~;plJlaIllg neurons we 

receive a reI)resellta,tlv'e .. u.u ..... 'o. 

that the neurons in the IJVIJ .... J,"" must receive the same 

and would be at the same time. However in the 

VU,''''OHVU IS ~"""'~.J to occur. If we 

neurons, it is that 

be a window some sort. 

to use a window 5-

The with is 

and must have the same 

environment 

n."hXl'l-.rl< where 

all n <>111 ... ,.. .... a noise COlffi}:)OIleIllt we can n.,t.,.,.rn,n., 

the Drl)OaOll! 

be 

that the neuron in response to a 

all members 

into a nm·~P.llt IJ""''':'.''''U that will be 

useful in a stochastic 

to 

u.a'L1U'U is 

VU'O>UllHY can 

Thus VUJ"U',a.."uu codes are 

In certain circumstances it be IJv.e"' .. "." to Ul".L1U'U as the the onset 

of some action This n<>"TI"~"'1r "knows" 

"U,IUU,lU" onset (to). for a moment that OVA,AA"VAAAAAF. "'.1'. .... ,'"" this time 

then the of the can be reJ:.re~len1Ged 

the time to 

pOteIltuU to move more 

is intuitive since a stimulus will cause membrane 

A stimulus that is too weak will elicit 

no response at If we do not have a sc.tJlerrLe can still indicate 

the two at the same time. that two 

Hl€intl,cal neurons each receive an input, the neuron with the "'ou, ........... " will 

course two neurons but this scheme to work need be 

<OU'~U)';,U that errors become .. ""5,,, .... ..,"'''.0. 

9 
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The notion is similar to the time to 

we 

to the can encode 

than a 

train in relation 

that detectable 

exist in the UU.llla,u such as the and beta waves that cn~m.e:e a,""r ... rI· ........ 

to state conciousness. In the absence a ,","'_lU',," 011" ... , the 

between two trains the same could be used. 

are schemes where is reJ)re:selllted the SDElCltLC 

to each other. We may assume group 

exist can the simultaneous occurrence a certain number 

a 

mechanisms 

can 

transmission a time these m(~ClIli:U11l1SIn8, it becomes 

ral 

are the inverse 

DrElSelltel::i, all the 

been aplJropnately it 

from a group neurons occur with a".,,,,,,.,,, .... 1S1palGlOIGeIlrrpl3-

ntI'oducling transmission the various 

the ,",Al,T."t'" to be detected. Thus is 

cOlncl.QelllCe detector at 

if all the 

same time, If the "t>lr.t>rrn .. has 

arrive 

The schemes mtro(lu(:ed above are ~£.u""v£J to be a.l.l'·'U'''lU'''' In different 

schemes are used in d.itferl~nt 

exist. Another ' .... nl"\, .. t"nt 

The 

the nervous and variations on above 

schemes are not exclusive. A 

encode stimulus as mean rate and 

models is based on 

the re(iu(:ti(mi:sts among us, the UHV,",'Ldl a neuron is slg;mltlClmt to its 

10 
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The main reason this is unlike a neuron can 

have riitf",r,,,nt "L'C'UU.lL 

neurons 

the cable <::\.IU""UUU , but it is necessary to ..... "'~"' .. L' .... ~ll.I<::UI"" if one 

to as transmission 

rather SPElC11llC and structure. If is case it will add 

to the c01nplexlt of the A will mC:lucle many 

dendritic tree and axon, and nr,-,n,.mv one each for the soma and axon 

Point u ..... , ..... "'.o on the other hand assume that all neuron have the same po~tenltlall, 

and hence structure. are 

also less ~U.'"C>"'V"C>L neuroscientist may well be 

in c01nput~Lt1Cm may be 

with cOlnplex models. The then is to determine how necessary the structure is. 

A at the axon hillock 

.,,,,,,,ave; } as its small size The main inaccuracies of 

'"'"''Ll",''''' are in rel)reSerltlIlg the axon and the ael[lQlntl,C tree. A loc:atllon on tree 

can have a and time course of the nn"j-"',rn 

"',..,.,,,,,',, at that synapse. In is key to several prc)CElsslng 

The role the in is to from 

synapses, on their to soma. A model would need to 

account dendritic and in and is outside 

the scope this work. 

The introduced on the pages are all neurons and are pre-

sented as in the literature. 

to used neuroscientists. It 

is the author's that axons and synapses more attention if we are 

cable equation models the dendritic tree as a transmission line. The line has characteristic resistance, 
capacitance and cross resistance and is discretized into compartments for the purposes of the equations. 

11 
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to those in but this dissertation on to create networks 

synapses their nature. can be "u'Ju,e,," as models soma and 

axon 

This is a 

and are 

non-linear ditferenl;ial equal;IOl1S 

size. 

ynamlcs are determined 

accurate. The ..... ",u.v". 

axon is than most vertebrate 

HIIJUt~HI::U is similar to the other <l1""~"'''~Q 

the mechanism and 

various membrane conductances 

is the .u ... ' ..... "' ...... 

is unusual due to its m~lcrlosc:oplC 

neuron very 

In "' ..... ,;, .. ,"'Tl 

is conserved across 

,,"1-""'01""" and neurons. Models more COlnPlex neurons, which can more ion 

<CHaWll"',,,", are still 

The HH 

web 

HH 

Law and can be in many papers, 

''''''.'<>11.1 presen1Ged in are three ,",'-".U.L • .L,","a.ll''-'"'' 

and 

in the 

de-

the membrane n.ytATl,t:". on the ionic curremts. 

in U""U\'u'v. so as current is into the 

V .. < •• n.',", neurons or as an current 

The membrane however is not a 

and ... m1r.~lcIA cell are pr()Q11C€IQ 

concentrations ions. 

that in case axon are two ion 

12 
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, and the minor of other ions 

Ie is the 
reversal I-'U"CU~l<"'" 

on the membrane TV' .. "' ... ...,. 

circuit ,."'",."',,"'.,;. 

9x are the ionic 
K or 

leak conauc:tan 

An electrical-circuit reI)reSeIlta,tlo,n of the membrane is shown in 

is not so the 

2-3. The potentlLals, 

in series with the conductances are the """"v,",u, .. ,cu p01~en.tla1S for each channel. 

r".,v.."",.,., POtelltlaIS are the DoteIltlials at which the direction 

will be ",rI,'1r"'Q"~'rI The current can be either an •••. l~~.'~-

for re]:)re:senLtiJ:Jlg sensory neurons case where an eX'peJ,irrten,ter is in;,,,,,,·t.ina current 

or it can be a V>""""<,,,n results from the 

the OLL'.l"'.'Vl.l" for the membrane n,...,h'OTI,i'1a neuron, this 

The central ""-I~~.'~" cr."""''1'n11n the membrane DOterltUU is derived 

13 

of a nl""Q"rn~,n~ 

should 

from the 

sense, 



Univ
ers

ity
 of

  C
ap

e T
ow

n

of a '"''''Jt'a.'-H'J~ and is in 2.1 

+ + 

u is the and are the currents gL, gK and 

gNa due to the reversal ionic currents can be in 

and as such can up to u can rise even 

Ie = O. is to AP ..,."""",y,,,,Tllnn 

will 

involves 

let us consider the three ionic currents which are as 

gL X 

=gK X X 

gx are the maximum each of are the corre-

a..u..,o:;.,,,~,, are constant neuron, "H,-'U;:;,ll 

somewhat between neurons. It was that the HH 

DEs govern variables m, n, and h. 

DEs have 
dx 1 

[x-

xo time constant T aeJJeDlaOn 

'lIUitUU,H!<"" were del;enmrled tio,dg.kin and 

are best reI)reSeIlte,d t-;.''''.I-'UI.'J=Jl.Y as in 2-4. 

In these the H::~'<UJ'J<. potl~ntla! lllCU1;G,O:;U to zero. neuron 

has been at rest for some 

is at 

gK x 

state 

activation. 

. In terms of 

will have reached 

2-4 A we can see that if u = 0 n :::::: it 

aC(~Or'dlILg to 2.3 the conductance be 

we can see that m is almost zero and h:::::: 0.7. However since 

UO:;Jt'CllU<> on x h m :::::: 0, power will and will be zero. 

14 



Univ
ers

ity
 of

  C
ap

e T
ow

n

'81 

2-4: A shows time constant VB. 

means at rest and must nUl .. ".."",. ... the neuron not be at rest. 

!fa current leis injlected, u will rise and reach threshold. It must be pOlntela 

out that there is no value the Llll .• ":UL1VJU because it ae]JeIlas on the recent 

the variables. Let us assume for now that leis a OL1JCL1U1UO that 

raises u above tJu·esJlol,d. We can see from 2-4 B that n and h op~~ralGe on similar time 

scales but m is cOIlSicierably faster (it is often modelled as Ins,taJltanCCJUS this means is 

that m .... ",'I'IF"" reaches its new which is nonzero, while n and h are 

aplprClaCJrun.g theirs. Due to the value of the current adds to Ie and 

as such further increases u. This in turn increases m, VY"'.L.UlUF, the channel M'T·t:n,~.,. would 

continue unchecked were it not for the a01Dro,acjles zero as u increases. 

fact that h has a time constant current 

that increases u to a value of about 110 m V. This is the uDswim!~" of the action pOteIL'tUI.1 as 

shown in 2-5. Around the srune time that h op,era.tes on a 

similar time scale to will have reached a However 

because flows out of the cell. Thus once will act to 

return u to the poteIltll'll and ... eVVllU. ",,,,,..,wel'> the nP',:rA.t,vP' 

A """,r1p.l:v of other ion w.1':lId.U.lt:>J.iO, with and "'''''Vl 'VAll.t< ions such 

as and have been idEmtitied in other neurons. of these chrumels have been 

15 
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2-5: A simulated the HH "'''l'lUt',lUll'' in response to a 2-second '~.I~~"~~ 
current 

characterized HH-like eqllatlOns, and can be included to make conductance models of neurons 

such as mammalian pyranaidal cells. common neural mechanism is called 

Rate where a neuron's re!IPclnsivenel3S to constant stimulation decreases over time 

as shown in 2-6. This behaviour is the of two !:I.U':.!iLJIUllW ion channels 

threshold calcium current is an inward calcium current which activates 

when the membrane nnt-",,.,,t-, is well above threshold. effect of this is that calcium ions 

flow into the cell with each UUllUJll1.1!. up over time. an the 

membrane allows 

cium concentration will return to normal 

neuron is allowed time to recover, the cal­

other half of the mechanism is a calcium 

current a is outwards and hVlDel:'DCIlruiz-

16 
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·is) 

.200
0 0.1 1 1.1 2 2.1 3 

Tlme(s) 

model of mammalian Rate ftu.ap1{;lI.tllOn 

current Note how the 

but this current is V"""'U<'U~ on ...... ""'''''' .. lUA'''''- calcium COltlCEmtra1;iOll, rather than 

up C01IDtenLCtlLllJl',; any eX(;lt~LtOll"Y 

and reclucing the CA"ALa,LI.LU. of the cell. 

This is a far "'''''.lV''''' class of models which tte:ml)ts to the behaviour of the membrane 

without concern the inner wV.UUJU!"." of the cell. In aa(llUOn, 

"'\,JUCll""A. and APs are reJ:lr~lented or 

the subthreshold 

recorded as 

a series of times. The .v~.v .. '" of the nUJlUW"''' two models are based on 

17 
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response model the 11""LH'-"" The 

to both its own and those of nTf~qVl[lar)tlc neurons. 

means its response 

........ Il" ... = a state variable 

the state of the neuron is Tp.rITP.<IP.11't!'! the membrane poteIJltlBJ. any 

the combination of responses to all pre- The responses 

will induce to these 

an .. LWUUJ,LUI whose time course is ae!mea 

for each .... VlLU.U·J.J.J.''''O .. .Ill, 

can 

this 1"1'T,,..t":lnTI must 

vanish for t :::;; 0 and 

the neuron .Lv"' ...... <'O 

is reset to 

contribution that 

to zero for t -t 00, to account for the ",., ....... ""00 of all neurons. 

"O"-LV" .. , v, the neuron is said to 

means of a second kernel which is a llt:!!aLlYe 

t -t 00. Thus the state at any time tis: 

= + 

where is the set of all times of this neuron, is the set of n"'~""''TIQnT''1' neurons 

and is the set of 

In 

Asa 

neuron is said to 

to 

where Tm 

these neurons. 

the cell is J.J.J.'-'U""U'V'U as a 

is fre;quEmtlly present;ed in the fra:me'wOI:k of electrical "i .. ,,,,,i·~." as the 

circuit as shown in 2-7. 

the fOml of current in response to nrj:~QV1rU'.T'''''' 

OJ.U."O,LAVJ..u V and a state VHJUalUll:: 

crosses v from reset 

state of a LIF neuron progresses ac(~orldiJJlfI: to: 

and 

du 
+ 

is the 1TI".1TI1 .... ",T'lO time constant. In the is a combina-

18 
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Figure 2-7: The ]e"i<:.' jll/."!',mt,,,- for "n LTF neumll in Re ciTcuit form. 

lion "f l~"t."yn"l't.i" currents fwm I'rOll;ynal't ie neul'U"", but in the lit.erature [58, 37]lhi. i. 

()ft~j] Tel'laeed willi an ' injected" CUl'ren~ which may ur may l>;)~ be const.anl . The membTl • .IJe 

bchaviollr ()f "n LIF neurOn in re'l~)n", to eml,t,,,,1 curr"nt input is ,hO'l'nl in Fi)';UTe 2-8 

2.5 R.ate Models 

Ral~ mod<>.Ls include such ,,,,mOll' "" the ,igrnojriai )';~te, f"u)](j in tTarlit~lTL~1 lKlll-"pikinl'; neural 

n~tv.'Ork (l\NJ Ih"'1")'_ The.e lIl()del" while eertainly mef ... ] ill theil' ()WTO Ti~hl, Illake Ihe fa]", 

assumption that nCUIa! inform~Ii()" is e)](X)ded ill mea" firij]~ , ... Ie ,,\()ne. Therefi,rc th""" models 

do oot model individllal "pikes, hm Tather rep",,,,,nt ~rill)'; Tate"" "n ".!1,,10K v:l.rj"bh 

2.6 Discussion and Comparison 

Neuron mode], are u. ... d ill 'mxlU.' field., whidl imp''''' different requi ... ,ments, As a re.ull. ~"d, 

of the models in\roducoo aoo"" will be th~ optimal elK);"" for "CeTt",;" set of re([11ircmcnto. If 

()j,e '. g()al is to fUf(her the lUloorotanding: of actllal ""ur"J behaviour, then condllc tanc~ mode]" 
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FigUl" 2-8: }·IembnU>e jx>cenlial 01 an LIF neuron with 1I""t 
l""PO""" to a ellrT~",t plll",,_ 
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..... ,,,"' ,otoo" 
... ", ""oot 

I~ 

,. ~, 

15mV in 

are ill""! suieab", 0' lhey provide in'ighl int.o Ihe inTloCr "lOcking' of nerve ceils However, 

the (mn"I"':.<ily of these mudeb may t., p.:uhibiCiwly high if Ihe in\cmion is Lo U9() 'hem os 

comput.olion aJ dement". f{!l.t" modci" )""',, I>c.m "xtcnoivcly "",I;ed, awl nelwmk, of them I"",." 

1,...,11 fuund tu be hugely puwerful oompmaliUllal de,';ceo. Howe"er, the firing rate ai),t.roction 

nec,",""ril), wI", them ()f much ()f the jx)telltiai I""'''''''''''' hy- real IleurunB, and render, Ihem 

almost use!.,,;. lor 'he <Iudy of act.uol """,,ou' ""'!.OIll"_ I' hrf'",hold_fiT<C m()dd. abo refcrml 

to ,~, 'I'ikiug' Hell",n lrJu,lel" ""eill to uffi..r a haPI': cumpromise. Being spiling neurua;, lhey 

all()w fnr th" me ()f leUljJOT!<l ft.,olme, ""ch .. , p11I"", c()(le" which UI''',]cL' l1p a whule mIJge 

of p=ibiliti"" not oocmd by Tat.e modd. _ In fact spiking neuron modd" h!<ve I,.."'IJ j)1""'i"IJ 

tu haw, greaiel' c<Jillpulal>umJ power lhan rate model' !59]. Th~ SR"l modd i, not i d~ollv 

,u.[",d 10 implmnent.olion OT ,imubti()n !XXO"",, the tosk of ""mni n)'; mnlTilmtim", fn~n m!<ny 
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kernels (one fur each presynaptic spilre) l~ to ex""",;"e memory requirements, particularly 

in large networks. The LIT model, on the other hand, is idea.lly suited to implementation and 

simulation. Networks of L1F neurons can be created using analog, very large-scakl integrstion 

(aVLSI) t..mnique. [M], and lhe fHet thai the L1F equation i. differential makes it very easy 

to simulste in discrew time steJllS "ith s program such as MatLab. SillC<l the suthor has an 

engin ... riug ba.ck~round, potential implementability ;" con. ider"," 10 be import~nt. Therefore 

this thesis will make use of the LlF ueuron model. 

:2.7 I'\oise in 2'reuron :l\Iodels 

Rea] neurons aN intrinsically :stochastic in nature [31, 58, 60, 76]. The ","-"<Ons for this a.re 

muuerous, but the net result is that neural spike trains are generally rather noisy in terms of 

inter'pike interval variability. Interestingly it hM been shown th~t in many CIl.'lC5 this noi", i. not 

only non-detrimental, but i. a.ctu~Uy beneficial [78]. Stoch" ... tioity in neuron. helps with tasks 

. uch "-, ph ... .., locking [81] and also maintalns diversity in the firing of populations of neurons. 

!>.luch research remains to be done on the effects and benefit. of no;"e in neural systeIllll, but lIS 

that is not the focus of this work. the author will assume that all neurons and neuron models 

can include "",me no;"e. In the case of LlF neurons, this no;"e can be incorporated in ",veral 

ways including noisy reset, noisy integr .. tion and no;"y thr""hoid [58]. The onmipresence of 

noise in both real aoo art.ificial sy"I<lms oerves asjustification for this inclusion. 
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ChclPter 3 

Synapses 

Synapreo are the junction, between Ileuro"" through which informalion i, pIloIl",d, Syna"""" ate 

almosl alway" unidire<:tiona.l [77], meaning thaI infoTmalion trav,.l, in one direclion, from the 

pre.ynaptic neuron to Ill<! ]X>!<t.B),naplie neuron. 

~., Hiologkfll Hflckgrollllrl 

Real "yna"",," 00100 in two Jllitinct Iype" called ,.\ectTical ,ynap""" (m gap juucciom) and ch,.l0-

ic& "J'I,ap""', which involve completely different mechani"lllIl and behave in differem way •. The 

,wt majoTity of Teal synapses, including oho::tEe invol""d in Ap/ysia Caii/onico.·, withdrawal r.,. 

flexes, are chemical, Thuo all "J'I,ap",," le[,.JCled to in thi" wOTk a,.., en.miml s;mapsu, the 

following <i<e',",Tiption of which iI; based on [7, 17]. In addition, synap"', are clru.illi.ed as "xci_ 

lawry or inhibitory, depending on ww,lher pro"YIlaptic a.cti,~ty leads to hyperpolarization or 

depoIari,alion of the po,t,ynaptic neuron. The 'sign" of or", syna""" depend. 011 the natt1re 

of the neurotr",mmitter it employs and cannot chfl.ll.g<l, All the "fIlap"" jm'" a gi""n PT""y_ 

naptic neuron will have tr", ""'He "ign, and"" a n",,,on Can ai'<O IJ., rclcncd to as excloatory or 

inhibitory ha.'ICd on the natuTe of its ' output' synap"'s. 'I'he majority (about 80%) of n""toIl!< 

are excloawry. 

Th~ phy:oical "tTllCture of a synaP6e invol""" pr~. from oolh pre_ and ~t'}"Ilaptic 

"",,,on, . A runplifi"" diagram of a synapse (adapted ftum [11) i. "hown in Fig"", 3-1. On 

the presynaptic "ide, oll<!", extend> from the llXon a mmhroom_"hapt"d pmtru.,ion called the 
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0( 
p,Mynapl;: 

n"uro" 
pO$: .)'n'~t;c 

r,Wron 

Figure 3-L A ,impiiticd cli~gr'jj] of a "hmll ;cal 'yw<j>'de {"<lopled [,rOill -lil sl~)wing both prc­
"nd J)()St.'yn~pli" pro,,,,,,,,," 
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synaptic bouton, which is a continuation of the cell membrane. On the postsynaptic neuron, 

a prot!UsiOIl called the synal'tic ' l'irle ~.xtend,; from the dendrite jUllI opposite lhe bouton. 

The two are ""parated by a 20nm gap called the synaptic deft. Within the bouton a,.., tiny 

spheres (35nm in diametor) lil)"d with =ttrotramrrnitter, called '''''ide.. Some of the vesicl ... are 

docked agaimt the presynaptic mcmbr3llC, constituting tk docked ,,"sid" rool. The majority 

of the w.sicl.,. (thO!ie within the boutOIl but nol in cont",,1 with the membrane) are the US<f1)< 

""'ido pool. Vesicles always dock at a specific site, or sites, on the bouton surface called act;"" 

zom .. Directly opposiw rut Httive T.O"" i. a . pecialized IITea of po. t . ynaptic membrane called a 

pest3ynaptk d,.-...iq... 

When an AP arriv"" at the .ynaptic bouton il cau""" a momentary infiux of Ca2->- and hence 

a brielly eleV!lted calcium concentration. The elevawd CaH level initiaws a process cruled 

cxocytosis, whereby one or mo", vesicles ""'y rcle.1.se their ueurotran.mittot into the synaptic 

cleft. inter ... tingly, thiS!JI0C""8 ill by no means deterministic. The release of traIlSlllitter ,,,sicles 

in r""po,,",, to an AP is probabili:stic in natu,.." meaning that .ynaptic oUtpul. lOre stoci,""tic 

and are not at all reliable. Different approaches to o,,,"coming this problem ~,e med. In the c""",,, 

of ""me peripherol circuil-., whe,.., reliahle lren. mi .. "<iOIl betweeu a l'olr of neurOIl. i. requited, 

reliability is acoomplished by having many rckMC 8i.1cIl in a single connection. Thill number can 

be m"r lOOO in the ~ of neuromu..cular j'mdiou.<. Howeve r ill the ""rtelJ<ate rodex the,.., is 

insufficient space for 00 many redundant connections and trll",.:niasion can be vcry unreliable. 

In titi. care one can only ,..oume that a,,,,"!;in~ <>CeU", via multiple parallell'athway •. 

3.2 Dynamic Synapses 

Depending on the sma""", in question, a prcsynap<ic action potential can re,ult in a pof;tsy­

naptic potential (PSP) of diHerent amplitude •. TI,e a\"'age amplitude of the PSP al a specific 

'yTlap"e de:fiu", the "strength· of that synapse and depends on the Il1lITlber of readily rclca",bIe 

vesicles as well as the individual vesicle rel_ po:ohability :77[. The .tte:Il~h of a synapoe 

however i. by no moans fixed, but rather is dynamic on a wide raIl&" of time :sc~1c8, from 

milli""""nci. 10 years [60, 85[_ The study of artificial neural networks (A. "INs) has shown thM 

the ac:\ju."ment of synaptic strength call dctermiI>O the functioning of a network a.nd that the 
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correct adjustment for a specific task can be achieved with ""Hain rul"", Consistent with this 

is t J.::, finding that. changc. in ,yn~ptic strength arc lUI important locus oOearning and memory 

in aniwa]s [44[. As ft pru-aIJd to the learning rul"" of AI\I\. there arc many idcntified forms 

of synaptic plasticity at work in real neurOM. In some caBell "'" have a fair understanding of 

the underlying molecular mechanism., alld in other. oot, However, many trltining algorithms 

for Al\"N. , ,uch "" tho"" involving back-pTOP"8ation, are not hiologica.lly feasible [54). Another 

key differenre is thaI ~al synaptic plasticity oonoists of physiologically distinct long_ and short 

term modificatioIlS [12, 48, 63). Long-term pl1l8ticity involves gmwth of exira connections, while 

short-term changes are tbought to be due to change. in yC'<iclc rcle"",, probability, which ill turn 

i. thc r,,"ult of yru-ied moleculru- meclta.nisms. Pre6e.Jlted next is a brief description of some of 

the better_known forms of .ynaptic plasticity. 

3.2_1 Hebbian LTP/LTD 

LTP alld LTD rcCer r""pectively 10 a long-term potentiation (increase) or depression (decrease) 

in .ynapt.ic strength. Different types of LTP/D exist, depcuding on what, is r"'Illircd to induce 

them. Hebbian LTP /0 r,,"ult, when prC'<ynaptic activily ooincideo with postsynaptic depola:r­

izatiou [25, 58). LTP /D can be rapidly induced if 1 he presynaptic stimulation i. tetanic. Tctallic 

stimulation is basically R bri.,{, high frequency burst of actioll potential •. On(» induced, LTP /0 

can 1",,1 for weeks, month. or even a lifetime. 

:1.2.2 Use Dependent STP /STD 

Soort_term potentiation (STP) and depression (STD) are similar to LTP/D, but arc much 

shorter in duration. In the neural context, short-tcnn challgC. "'" generally talmn to be thoole 

that hut for millioeconds to oou,.., If stimulated with a train of pulscs, ",hon-t.erm depressing 

synap"c will quickly I""", strength. The exact time taken for this to occur depends on the 

,yn"....,'s chru-acteristiCll, A short-~m potentiating Synllp6C will strengthcu in respon"" to the 

"IIIllC input. III both ~ the effect, call occur within a single stimulus (train of pul""sl""ting 

.ecouds or 1_). Aloo, there is no postsynaptic conditiO'll, "" the plasticity depends only op 

presynaptic 3Cti\~ty. If \..,-ft ,mdi.,turbed, the syna!"" will quite quickly return to its origino.l 

strength [66), 
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3.2.3 Paired Pul~" Fddlitatiull (Dcpr,,~~iull) 

PPF{D) is a form of .,horl-term plasticity whore the ,tmngthening (";mk~nin~) ()f 11", ,yn"p"" 

&pcnris ()n th~ 'l",,"iiic liming ktwren t.wn I'll I"", ~Trivi!Lg ~t 'he 'Y"~P""' _ Api". ()f dd~y ver»" 

~lt.eT"t.iull i" TUu~hly ,i~IIluidol ill "hape, wilh p.al.: [a"ilit&liu" (dep ... "siun) u.'lually oL"IIlri I I ~ 

at an lSI ar01.Uld 5ms. The synapse responds qUIckly ennu~h that the sec()nd of the \ '1:0 p',]OO8 

i" f~cilibt.",j_ If the <lel~y i, 'uo lUII ~ U1' t.uo ,hort. t.h. "ymp"~ will !Lut]", f""ilil"ted [2G', 

3.2.4 Spik" Timing n"pf'nd",,1. Plasti('it.y 

STDP i" ~I .... ,irnihT t.u IT.hhi~II LTP/D. The priltl"TY diffet.!L(:e "' that Ihe di"",tiUII uf Ihe 

modification (potentiation or deprcs,ion) depend, on the rdative timing of pre-- and postsy­

nophc ,pike><, Pmvi,hl bot.h spik,--" uccur "it.hi" 0 WiIHj",,· uf ahullt. 10m", t.he "ynap'" will ]", 

altered. If th. pr. synapli" 'pike pteeedoo the po,bynaplk "pik. then the synapoc will be po­

t.m"i~h,d_ If h<'''""WT th~ pT""yn~pt.ic ,pike ()(""'TS jllS' a.ft.er ,}'" p"'''y''~pt.ic 'pix" 11", "Y!L~P'~ 

will]", dept.""ed [34 . 
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Chapter 4 

Learning and Memory 

LcMnllg ref""s to the abili~y of a syst"lll (typically an animal) 10 ""just it, behaviour, or 

r""poD"" to a ,pecific stinmiu" aft .... ,.,me ~v""t oJt~", the meaning of ~he "~imulus or it. 

conte"t. Memory is the suhstrate for this modification. Boing able 00 adapt is importftllt 

\xJcause a stimulus, such "" a loud noise, can haw different significance d~pending on it" cont"Xt 

and history. All animal which WIl5 incapable of ..dapling: it, behaviour ",-cnld quickly P<'~;,ili a., 
the real world i, '" vane<l, dynamic and unptedictahle one. All mobile life-forms are ca.pable of 

modifying: their behaviollr \o..orne degree o.nd Ihis plasticity.is desnable in man-made systems, 

particularly autonomolls ODe •. 

4.1 ClassificatiOlL of I\Ieruory 

1Iernary can be das,m.,q =rding to th= prim!l.rY r.riteda as p<esemed in the following 

sut-ction", t hoogh it "hould be noted that k ..... er life-forms lack explicit memory. The following 

is based on definition. of the re_,pecth-e tel:IILO found in [30[. 

4.1 .1 implicit or Explicit 

Tlili classification is based on the method of rocall for the memory. E"l'lici~ or dflCl""a~i'.., 

memories are those which we lI.Ctively recall, such as memory of filets or epiS<:>dc. from our lives. 

Implicit memory refers to thinw< which a,., no~ actively recallod, ,uch lUI It.., ahility to play 

tennis or drive a car. 
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4.1.2 A"ociutive or non_Associative 

A""",iativc mcmory inmlves learning or modifying a8!lo<;ill.liow hc\woon stimuli, whiJc non­

a!lIl!:>ci~tive memory im."h"" oniy a single stimnius. 

4.1.3 Long T~Tm or Short Term 

'fhi. clistinction ., obviously made on Ih" ba8i,., of how long Ihe memory »Cr'''t •. Typically 

memories are con.idcred :short term if they IMt less than 30 seconds without rehearsing or 

rcfl'<O:shlag. hut in oome CMeS memo-r;'" lastinp, up 10 Il. f",,' hour" are still co,.,id",oo short 

te"Cm. There;" Il. ,noTe rcli~blc IIICilll. of segregating long a.nd short term m"mori~ .. based on 

the ceJ.lular mechani8lllll invol",u, which is dif!<:_ed in Section 7.4. 

4.2 Thre€ Elementary T'ype~ of Learlling 

The follo<v:ing are Ihr", particularly well knov.n typeil of simple learning which "'"" exhibited by 

all but t he simpl",t life-fo=. Alllh"., of t.h<= "r~ implicit 

4.2.1 H abituation 

HabitUll.lion, thc .impicst ofthe three, is an elernent"'y form of non-""""'-'ll.li"" learning whereby 

an animal leaH!" to ignore henign st imnii. Upon presentation of a stimulus with little b.-hav_ 

ioural significance the animal will mah ""me r ... ponsc_ If lhi •• timulllS is repeatedly preserlled 

and no puni"hmcnt or reward follow., lhe animal's re"pon"" will declioo and cycntuallv cease. 

Habitualion is useful for fillering out unimportant informa.tion [31. 

4.2.2 Sensitization 

Sensilization (abo nOll_asooci~liye)., a "lightly more complicated proe""s. The p,..,,,,,nbl.tion of 

a .Irong noxious .timulus (often referred to "" thc nnoonditionoo:l. slimuillS (US)) increase .. Ihe 

animal's responsivcnc,," to furthcr (usually different) stimnli. This is mcilll for increasing the 

owralllcvcl of aiertnesll in r"'pon .. lo injury, fright or "",me pcrcciv<od threat [27j. 
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4.2.3 Classical Conditioning 

Classical conditiouiug:"" more complex than the previous two typeo and is an associative procetls. 

In classical conditioning the animal f01lllil an as>ociation bc\wocn a benign stimulm c~lled the 

conditionoo stimulus (CS) and a behaviorally relevant one call"" the unconditionod stimulus 

(US). Initially the CS docs nol elicit a significant ""'pon"", hm the US elicits its u~tural 

response, called the unconditionod respons" (UR). IT the CS is repeatedly presented jllBt bef01e 

the US, 1M anim..J will learn to associate them. Eventually the CS alone will elicit the .",ne 

,..,sponoo, which is the UR (2)-
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Chapter 5 

Model System: Aplysia Californica 

Aplysia Cal;Jornica or the Californian Seft Hare i. a lar&e""" . n"';l of d",," G""tr"f"X\a and 

phylum Mollu""a ",..d i" t!epidoo in Fignl''' 5-1-B (Jig:. 5-1 A and B are adapted from [52]). 

Aply.ia is .hell-I",," and a(tainB ftn average &dult Iert&th of 25crn_ Aply..,a h"" been widdy 

used .., a I"" animal for the "Iudy of nenrobiology, particuhuly thai of learning and memory. 

It p""'''''''''''' a f~;rly .impk nco:V01J.1l system with approximately 2() 000 neuron". Apiy"!a w .. , 

used by Edk Kant!el in lLi> c-<obel Pri,e-""inning work on the p~""iological baa;., of leftrning 

and memory. Aply,;a ill a well-documented aninHu, LuI Ihi, chapter is b .. «XI primarily on 

[18,51,52[. 

5.1 Inveriebr at{)s in N{)urosciclH:c 

Invert.ebl'ates like .1p/ysia are well suited to neurological ,Iutly for several r"awns, including' 

1. They po8OOSIl much simpler oe-rVoua "y_m. Ih",! verlebl'"-I,,,,_ 

2. Many inverlebrftW neuTOn., including ffi"lly of \hooc in AplY-'ia, are l'elatively large anti 

hence can 00 "..,ily impaled with microeledrodeo, which allows for intracellular recording. 

3. Invert"bl'fttes PO"""'" w,lriLuletl ''''''vou" syo\""'" oompoood of many loe&! gangiiftl which 

'A , -.u, I"', ;, • 01"" " of no"""" which, In in."t . .... ,"", ;. ]>0." of 'he ""nt,.1 , ... 'ou •• y.'. m {Cr-;S) 
"nd ",,",NOl, a .uboot of b, hovx,u,. Bundle. of oxo"" (oonnoe'i""') conn«' tho ,"n.c1io.u .o .onoo.-~ . nd mo''''' 
','''''''','' ""II .. to <>thor gongl;'. 

30 
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Figure 5-1: Aplysia Cali famica (Map(.ed from [-'i2]). A) """lomica! .ketch ""d B) photograph 

wntrolIO<'_~ll",h~viOllT _ 'TI",,,,, ganglia ",,<1 ''IT!ouncimg neurons can ourvive " ,urprio;ngly 

lanK time in I'OO"""d I'tepara\iooJJ 

Aply,,;a hM temmc . omctbing of" 8tandard for Iow-le~cl n01H'ologicai inv""ligatioIl£; .. nd "".0 

a teoult is "ery well noculDcll(ed. In [acl, much of it, uervoUlJ 'yok m has bee1llDapped to tlop 

point Ihal indi~idual n"urQW haYe been namcrl and can 1>< idenlilied in all iudi>-idmw of t1", 

"pecieo, 

5.2 AplYllia Withdrawal H.cflcxcs 

Invertebrate reflex •• h",-" hren 1~)plllaT for the inv~~tig"ti<Jll of lea,-nin!! at ~ ,,;mple level ,incc it 

" "'" found tho.! the fund~mcnt,d "..".ioani,rn. of ""'ural operation are ron"",vcd ocrOSi< phyla ("'" 

[52[ for "re,'>Cw)_ Ap/!'Oia JX""'''- ""vcral dcfcn,ive reflexe, which ocrve (0 withdraw "" pooed 

appe.urlagco from potential rlanger, Tv.", particularly wdl-"'udied reJie.."{", arc gill AAd . iphon 



Univ
ers

ity
 of

  C
ap

e T
ow

n

withdrawal ond tNI withdr"""'.l [55]. Both of these reflexes exhibit forrrus of basic learning, 

indudiug the three mentioned in the previous chapt~r and the underlying ""mal cir<:uitry of 

these reflcxcs has been "",11 defined. 

5 .3 The A_pltJ8ia. Gill and Siphon -VVithdrawal ReIlex 

This work will fo"'" PTimarily on the gill and siphon withdrawal rcftcx (GSWR) as it is more 

lhoroughly documcrmxi in t"" lit",ature tharl tail withdraw&!. The GSWR serve8 to withdraw 

the delicate siphon and gill (soc Figure &-l-A) imo the hody in r""ponse to a po"ible threat, 

signalled by t(I.Ctil~ ,timulation of the siphon or mantle shelf. This reficx is mcdiatOO by II", 

abdcminal ganglion [21J_ 'The single Jarge<t contribution to this reflex, conlributing aboul 

i of the ohserved respo!lBe [6], is a monosynaptic path",-..y' from the ""noory ""mOn" (SN,) 

iIlIKTyating: the siphou ,.j,;in t o the gill motor ""urotlll (1t'C'<s). In addition there is a polysynaptic 

pa\hway3 which includc" interncnrOD:l', An additional component of this reflex i, a connective 

from the pleural ganglia' which is activated hy strong: till stimulation, 'fhis connective serves 

as an input pa.th"",,y for the US in seI",itization and conditiooing, A simplified schematk of 

this pathway [52] is shco,vn in Figure 5-2. An icienti:li",] major lOCUli of pl""t;dty in thi, reflex j, 

th~ ruono,ynaptic connection he\wee!l 5eIIOOCY and motor neurons. 

'In;t.s .w.ploot form 0 IDOlK>O)'O.p<i<; I"',h.,,,v inv<>I"", Oftly ,wo """'0'"' ""d ~ .;"~lc 'Y.~"'" bet~'''''n them, 
lnfu,m.tJon au ... Iron! .., ",e- 10 ,he """t..ynap<;" nouron. ln roo.lily, "",,,,,,,yn~ptOc p"th .. ~". ""n ",,,,,Iv" n.",,, 
"""ro,,. in ,,",.lId ...... h toc..o two, Even ;£ ~Il the no"""", in ,he fi .. , laY'r 'l'napoe ""'0 oil .., .. uro,,", in tho 
•• ,,,.,d J..Y"", it;' ""II oon.""",d mo"""~napt;". 

'A polyo)"llap<k path ... y i . """ .. h"", i . "'* -.n",,~"aptOc, 
'An i",,,,,,,,mOft ;. • ""umn ",hkft "' ""it"'-'" • >cnoo<y n"""", noc ~ n.,te,. neuroll and he""" ... no di~. 

rontac, ... ;,h tho out":"" ...,.Id 
'no. Ioft...o rish< pl"",.1 ij.ngliA ""' . poi, olljAngli. located lle"" . nd """.<>Ill..: ,be tail. 
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Siphon 

Inh. 

Exc. 

!-';gure ~2, A .implified .«:hem..!.io of the neural circuit underlying the GSWR [521· It includes: 
8iphon oonsory neuron (SN), gill motor neuron (MN), modulawry inte~uron (liHT) Oil well as 
exdtatory and inhibitory iute-ruellr",," (Exo. and lnh. respectiV<Jly). 
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Chapter 6 

Behavioural Analysis of Plasticity • 
III 

Aplysia's GSWR 

TWa chapter deals wilh behaviou1'a1, aa Ol'po,.,d to c,e]l1l1Il.T, experiment.. 0<1 Aply"w'. GSWR. 

The"" experiments generally involve whole Aply,u., "-tld someliille!l a semi_int ftd p<el"',,,tion 

,,-here the tll.iL siphon ond central ",rvom 8y~wm are dissected from ~he body. In either case, 

input stimuli am p""'''''''''llo the Il.pl'rol'rill.te body p~Tt and rCSP'lMC" qUll.Iltifiod in \CTIllIl of 

the physical mQ''lCment of the siphon. This is in comr",,! (0 cellular ""1"'""",,,10 wh~re inrmt, 

usuall), tale the {orm of GlHrent. injed.e<i into the cdl. vill. micraclcctrodc., and outputs are the 

measured PSPs at motor llIlUfOns. '11", r"",,]1;, "lth""" ,W" types of CXpcriIOOllt = qual.itatiYCiy 

~onop"tihlc, bul..,-c quantitatiVEly different . This i8 due in pan (.0 the transformation p"rlorrncd 

by oollBOry and motor neuron. _ 

6.1 Habituation 

A typi~&l habituation experiment"" described in [19, 69, 7f 1'I'OC<lecis along /ht,,,,, li""", the 

'iphon .kin i. briefly stimulated with a soft brush or ft jet of water , Irong enough to elich" oig­

nilicftnt withdrll.wal of the gill and oiphon. TYpically this is a Wftter jet of < 1. duratioIl_ After 

wmchow qllll.lltif:\-ing the withdrawal to use as a b-nne (for comparison with latcr rcsponros). 

the animal i. rol'"'ateJ1y present"u with the 811IUe ,timulm at SOm" ",gular intcrntimulus inter­

val (lSI) and the withurawal resPOIl"" is obooe""",l to decre,,",,_ !\'otc that habituation is aite 
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,pecific, "",aning that the ","ponse will only habituate if the same spot on the skin is stimulated 

e~dj time [30[. The maximum lSI which CM produ"," hbituation ranges from 1 _ 5 minutO'i, 

dcpmding on the individuftl mimftl, but typ.icftl experiment..! lSI'. are 10 _ 100 -.:.uds_ 

One major inconsistency bctwoon oxperimcnt81 ,yorks ill tho quantification of the withdraw"" 

Some researchers ""'MU,"" t"" duratton, while other. try to ",;!imato a po.rccnt roouction in area, 

and the technique> a,"" oeidom the same. HoweYef, rcgardle"" of the qmmtifying mothod Iilld lSI 

u-."l, \"" "",pon.., ..!w~Y" det:/l.y. with an ~pproximatdy exponenti'" ili~pe [70[ . The choice of 

stimulus strength is quite significant as well, a, it Meds the time course of the withdr"w..:i [69[ 

Ligl!tar stimuli induce a withdrawal with a singjo, short-IatCllcy compoIlCOlt WOO"" duration 

8.Ild maguitude "'" proportton'" to intelll!ity. At o!rouger o!imuluo inkn. it;'" ~ o"'-"nd, loo.ge<_ 

btency component contribut ... "-' woIl, leading to CQIlI;iderably longer withdrawal duration. 

ExpcriIllCOlts tend to u"" stimuli that omph.....no tho short-Iatoncy compoIlCOlt, as it corrosponru. 

IDJro clorly to known IICural circuits. In addition, stronger stimuli are much slower to habituate 

[69[ 

A singlo training """sion, defined as lIIl unint""rupted stimulus train with constant lSI, 

producod habitu"ted respon"", 11., low as 5% - 45% of baseline[19, 69, 71[_ The majority of this 

ck=rnent occurred within the fi",t 5 -10 .timuli (as ClUJ be oren in the d~ta of [19, 69, n[) 

IUld there ""uld be little point in prooonting more than 2() stinruli in a "",sion. In absence of 

furth"" prcoontations the rospouse r"""""red to 75 - 85% of b .. seli"" in 10 - 20 minut .. , but full 

=y took up 1;0 two houn [69[. The effect. bec~me mud:! louger lasting if multipl.e traiuing 

",,",ion. were employed. Alter the fust tralning block (10 - 20 stimuli, lSI"" 30s) tho animals 

were left for 1.5 - Z4 hours and then Pf<lSeuted with a """,nd block, The r""p<lIlse decrement 

over the firot few .timuli was much more pronounced, .md led to groater habituation by the end 

of the blod<_ Fbur ouch block. re,mlted in significantly greater hobituation wbich w,," .hown 

to last more than throo wceks [201. Interestingly, " m~ trairung protocol where the srune 

four bloclos _re pc<>iented with little Or no time between them did not produce this long-term 

habituation [19. 201. Spacing is a unhmsal requiromcnt for creating long-term n:;o,mory (LTM) 

[8,50[. 
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r..2 Sensitization 

A typieal ""n.iti'ation =petimont M in [10, :'.6, 71] begins with a pretest, where the ,jphon 

is stimulated with a bInsh or water jet (the CS) and the reSl)(>!lSC quantified tn use '" a 

b"""ljn~ , Afte,r a 10 -15 minute, delay a strong noxious stimulua (the sensitizing stimulns or 

US) is prewnted {Q another bndy part such '" the, neck m tail_ The siphon is then stimulated 

agaln wilh 1I", wat<lr jel and Ihe ","pon"e "omparod to lhe prelest, The oonsiti:l.ing stimulus is 

typic"-.liy a l.as, 5OmA, 60Hz pulse train (shock) delivEred to the tail by an electrode_ 

Trainin,o; with a ,ingl<o .hock produ""d ","",iti,..alion ]""tin& up to 1 hour but the ~1I .. ,t, nf 

four shooo (ISI 2min - 2hIs) lasted up to 2 d~ys [52], FOUI trains presented 30 minutes apart, 

each consistin)( of fOUI shocks with IS! = 30 ""conds l~d tn ",miti.ation l""ting four day., with 

facilitation r<:aldn& at awroximately 2OCf1fi of b_line. Repea.ling theoo blo<:Xs of 16 stimuli 

oner per day for four days led to sensitization lastin,o; ",,,,,ral weeks, with a peak facilitation 

"",,11 0"", 500% of b_.line, [36]. lntete.tingly ther.: is evid~IH'" Ihat ""n";ti'"tion h"" a deJay"d 

on""t, taking 20 - 30 min, before there is a notiC€able response increment [21J. 

Di,ha.hiluation i, ~n inc:re .... "" in a re.'poIl ..... , which had previou.,l}' """n habitualed Tnitiall}' 

it was thought that ilishabituation reflected the s""," pro~ as sensitization, but this was 

qUoestioned on tl .. , )';I"nund. that the,y e,me,rge at diffe,rent tim,,", during the de~-"lopment of )"0= 

Aplysia [71]. It has subsequently been found th~1 dish~bituation is a oombination of the nOr_ 

IWl.l 8P.n";ti.ation ffi<I(,hanL,m in paral..,l v.;th a , ",nIld m""hanhm whicb nIlly aif""I. d<op",,, .. ,...d 

synapiOOl [46], 

(-;,::: Classkal Conditioning 

A typical cl .... i"al conditioning expe:rimont as in :4, 21, 43J begins "ith a pre""lltatioll of the 

CS, which i8 a light touch or w~ter jet to the siphon. TIle elicitc'Cl weak withdrawal is u.'!<',d "" 

Ihe ba.""line. The, GS, whieh i, a 'tmn,o; shock to the tail sirrulm to t hm used in sensitization 

training, elicits a lllllssh", withdrawal of the gill a.nd siphon, The animal is eonditioned by 

repe~tedly preoonting the CS, follc""oo aboul 0.5 "",:on,b lat." by lhe GS_ Typie"lly there will 

),., 15 - 30 1'"", ... .ntalioIl" with il.Il lSI of abo"t 5min 

Cla."ical conditioning produC€s large enhancements and a slngie train of 30 pr_nt~tions 
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can produce a 5()()% inc",,,,,,,,, in withdrawal when the animal i" test.oo with t.he OS alone, 

24 hours lat"" [21]. Thi. ooo.,rvoo facilitation obviou"!'y inclnde!! a contribution from non_ 

asOC>ciative 5ellIlitizalion, but this can be taken into account by pre""nting ""me animal:! with 

only the US, or with the US and CS unpairoo. The US alone group exhibit~ no more thM 

200% facilitation so there is a major ",,,<xiative contribut.ion. The ,,-,,!<Xiahve component alOCl 

exhibit. site specificity, whidt meaM that the OS must be pr_moo to the oome spot on the 

siphon each time. If the animal is later t.""too "it.h the CS on the opposite side of the siphon 

the "'''P''nro will only be p..nially facilitated by the ""Mitization clfLd [43]. 

It is unclear whether CC has distinct long-and shorl-wlID forms. 

6.4 Combinat.ion of Effeds 

One of t.he issu"" romplicating an analy>is of th_ mechanisma is the fact that, with the 

",,~ption of habituat>on, they cannot be induced alone. During l'Cnsitization experiment," the 

test stimuli (CS) delivered t<> the "iphon can lead to some h"bitua\ion of the respon"", This i. 

more oignificlYlt with classical conditioning. As menUonoo before the entire animal i" =it.izcd 

by the US presentations and in a.ddition it can habituat" to the OS, which is presented regularly 

'" well , This mak"" a qmilltitative analysla of classical conditioning, and to a le"""r extent, 

sen>litization, quite difficult. 
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Chapter 7 

Cellular Analysis of Plasticity • 
III 

Aplysia's GSWR 

Th.ill chapter has sever81 goal.,. Firstly-, Ih~ Il()u[:U circuit rnroiatin!( \h~ GSWR will be presented 

and its fundioning.'I.Ild rel~tloIlShip to behaviour will be discmsed. Next, the cdlular base, uf 

the observe<! learning will Ix, di""US>Wci, 'with ,p<lcific ~tten\ion paid to the loci ~nd mechanisms 

of this plasticity. This ch~p\er is b.'\8ed on works involving celluh,,: data from exp", .. im"ut. 

on various roduced pn'l,,,,-ati(}n., of Aply.,ia. Th~ hasic typ"8 of prepar~\ion ",hich ~re able to 

provide cdlulaJ.- data ",," ", follO<\"" 

1. Semi-Intact Proparatiolh" Th"," typi""lly indu® the pleur..), pedal £Illd abdominal ga.n­

gli.~ a., well as the actual tail and aipoonlissue. Cornweli"", hetween Ih",," hody p~It" 

and ganglia ",," identifiro il.lld x"»l int~ct_ An oovanta!(e of this preparation is that the 

""'Il~ tactil" stimuli"" t:hooJ<, used in behavioural ""p<lrimenta Can be delivered to the l.1.il 

or siphon s.kin. 

2. Ioola\<'(\ Ganglion: The ganglion is removed from th~ anim~l without ~ny l"'fjph~r~1 n~n"s 

or tissue. This facilitates direct access to a.II neural element" within th~ g>wglion. Since 

taclile Slimulation i., impo!<l!ibl~, ,timul; musl ta.ke the form of imracellularly inject..:! 

CUlT~.llt •• 

3. Isola.ed CclI Cultme: T"""" lypic~Uy include only" fevo' ool1s, cultur..:! ralher lha.n re-
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movtrl from ~n o.ni=1. These preparatiow are """ful as they allo", for the ex~mination 

of individuN SN-MN synaPl""", which ~h...:l:llight on the monooynaptic component of the 

reflex. Stimuli are intn",elllliarly injeded cUl"rent~. 

In ~ll thr"" c"""" the output is a measured excitatory pootsynaptic potential (EPSP) in one 

of the gill mowr nemo,"", rather tha~ an ob.erved withdraw~l. 

7.1 Thr Nrurn1 Circuit .\Icdiating the GS\VR 

While the neural <:ITcuit mediating the GS \1,l}{ i. simple by neural standard", it is still fairly 

compli<:ated. Abo, there are likely to be contribution. from .... yet \lJlidentified component", but 

the circuit described in this section acoounts for most of the khaviour. Th • • iphon tissue is 

inn~rvated by a group of 24 """,wry neurOIl" called the I.E du~ter. The ,.,mata ofth"", neuroll" 

are found in the abdominal ganglion [521 and can be uniqllcly id..,.tified. These neurons are the 

primary input stage for the CS (~iphon hp) . .'\.t the other end of the cir<:uit, <:ontradion of tl.., 

gill mll..,.l"" ill controlled by "population of M least sjx gill motor neurons whooe oomata are 

also found in the abdominal g~nglion. Th""" neuron. can >ilio be uniquely identified and "r~ 

called L1, L9" L92, L[Kh. LDG2, and RDG. E.ch of th_ motor neurOIl8 control" a diHerent 

component of the physical withdrawal by innervating diHerent combin~hon. of muscle fibres 

(291. Tile 1\0,,, largeot contribution. to withdrawal come fron' L7 and LDGI [171. 

Each of the 24 LE neuron •• yna!,,"" diredly onto each of the motor neurons and also onto 

"population of inwmeurons. WhiI~ ""limates """y, the contribution from the dired (won""y_ 

napti<:) pathway accounts for 30 _ ti-O% of the ob.erved gill withdrawal [17]. The remaining 

contributions Calm from I"", well deline~ted polJ'l!yn~pti<: pathway~, including disynaptic path_ 

ways vi. excit.tory interneurons like L," and L"" a 7]. While the circuit described 00 far is 

sufficient for habitu~tion, sensitization and cl"",j<:HI conditioning aloo require an input pathw.y 

ior the \..'S. In b. hviomal experim~nts the 'GS ;.. presented to the tail or neck, "'" pathwa.y. 

from th""e lo<:"tio,"" mmt exllit, but pathway. from other body regiorul are likely to exillt as 

well. Tail stimulation is by far the most common form of CS, ,., the author will only r.on"ider 

this CMe. 

NoxioUll stimula tion of the tail (such as a strong electric .hocl:) causes several thing_ to occur. 

39 
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Fir ... ly there ill "'rung withdr"w~l of the taiL mediated by the pleural and pedal giUlgli~, but in 

addition, two other thing. occur, Firstly there i. acti"<ntion of throo cl""",. [52] of modulatory 

interneuron. in the pleural ganglia [79]. The oorutonergic inlerneuluns are ,!lOSt signilieanl to 

thi. reliex [52]. P=OWl> from the.., ..,roton"'gic neuron. contact the prC>YlliIptic terminal 

of many of the 'ynapses im'Uh'ed in thi, refiex, specifically the S:-I-),1I\' synapoos and th""" 

between the SN8 a.nd the e"eit"tory intffueuron. , When . timllhted, t~ IleumU. rele .. ", 

serotonin! (:>--HT), the role of whlch is diSC\lJ300J later in the sectioIlS on sensitization and 

eL...siCl!.! muditioniIlg. The oocoIld result of tail stimulation invul"". cireuits from the tail_ 

dicited siphon withdrawal r~ft"", and results in contraction of the gill in r~spoIlflOO to tail shock, 

Thi" is Bignificant to the mechanism. of cl"",sical conditioning diOCllsse<i later. 

7.2 Cellulftl' Corrdfttes uf ilehnviournl Stimuli 

The LE .eu..(ory neurou. ",e laid out ~rouud tm .iphon in ."eh a way tho.t they hav" different 

but overlapping roc~pti\'e field" The significance of this i, that a typical point stimulus will be 

in th~ receptive fi~ld of app<oximately Pjght of the 24 LE neuron. [17]. Each or these neurollll 

""ill fire approximately 1 - 15 spikeo, depending oIl the strength ofthe .iphon tap [35[_ 'I'hu. each 

of the gill Imtor neuron. ar~ liJ,;.,ly to recpjve OOtwcen 8 and 120 spikes "ia the monosynaptic 

pathway (and more via the polYllYIlaptic p"thway") from ~ siugle prerellhtioIl of Ihe es. The 

complex EPSP at each of the mulor neuron, is the oombined resPOIlse to all these spikes, ocaled 

according to the present efliciency of the synap",," they arti"" through. In normal coIldition" 

the molo! neuroll would probo.bly lire ""vet..! time. during the EPSP, but in order to rocord 

and qmmtij}· the EPSP OM must pre\"nt the mutor neuron from firing. This is accomjOtiBheo:i 

by hyperpolarizing the M:-I [19[. Th_ mmplex EPSPs Il.re the only inpul to the molor neuron. 

and are proportiunal to th~ ,"arious components ofwilhdrawal mediated by the respective motor 

neurons. 

'ScrotOll'!l "" 'Omm;)ll mOOul"",,· """,a',anom;tt..-. tlodul.o'« y,;' th" .. ruo. m •• ", th., ,&th" (h"", 
d;,.",l, ... ul'in~ in _ "yn op';" CUI'T",," • ..,.a1-O~;~ ~ff",," the efficienc)' 0/ other molocut", proc..,>e •. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

7 .3 Complex and Ivlonosynaptic EPSPs 

As mentioned e""lier in lhis chapler, lhe monosynaptic pathway. from the LE or.usory neurOIL> 

to lhe gill motor neurons ,""count for 30 - W% of the r""por!SC to siphon stimulation [17], with 

the remainder coming via polysynaptic pathways. A reliahle celiuhu co1Telate of the ob""rval~e 

withdrawal is the area ofthe complex EPSP in the gill motor neurons [33, 57], which is baaicruIy 

a superposition of the EPSP contribution" from any active LE neUron. :.long "'ith oontributions 

from the polysyruo.ptic pathways in lhe reflex. Unfortunately when it comes to analy"~ing plas_ 

ticity of the response, the complex EPSP docs not supply information about changes in specific 

syna~. In order to model the syruo.ptic plasticity underlying the behaviollral modifica.tion. , 

one mUllt reduce the system to a single Iocu.'! of plasticity i6, 23, 29]. The obvious plwe to Slart 

is with the primary SN-MN "ynap"'" "" th""" make the . ingle largest contribution, can be most 

reliably identified and have b""" most extensively studied. FOrtunately, the behaviour of this 

synapse can be independently observed by recording monosynaptic EPSP. at the motor neuron. 

Basically, the monosynaptic EPSP i. I·he EPSP elicited by a single . pike in a "ing1e 5eIl5Ory 

",,"ron, tran,mitted only .ia the 1l1OllOtlynaptic pathway, and hence represents the postsynaptic 

effect of one spike at one synapse. In order to flCComplisb this there are two requirements: 

Firstly a single LE cell mu"' be made to fi"" a single "pike. Thi. can be ""liably accomplished 

by stimulating the SN with inttweliulfll"ly injected current [841. The second requirement i. to 

eliminate the contributions of the poly. ynaptic pathway •. This C"ll be accomplished in 1;;>.'0 

way •. 1be mo"t reliable approa.ci:t is to physically reduce the circuit to a single LE cell fIIld 

a . ingle MN, for example L7, which is usually """omplishod in cdl culturc ;72]. The ot.her 

"PProam is to perform \he cxperim=t in an CIlvironrIlen\ with high lev"l. of CaH and Mg'1+, 

which has the effect of raising firing threo;holds for MI ncuroIIB and hen"" roducing the probability 

that the internellrons will fire [lG, 29, 3G]. Changes in the mollOliynapt ic EPSP are the result 

of plMticity in the SN-IIIN syn"p""" [Z3j. lbe remainder of thi. chapter "ill focus on the 

mechanism. of plasticity in the monosynaptic component of the GSWR. 
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7.,1 Short-Tpr m and ,Long-Ternl JViellmries 

It h"" boon qui,s ,>}ndUiliyeiy dw",n Ihal short- and long-term IDeIDGri"" are reprooented by 

diatinctly different mechanisms in the brain [48J. Evidence fm this has t-n provided in pa<t 

by clinical ,Iudi"" of hum""" [63]. a.nd al"" by ""llul"" ,tudi"" of auirnab like Ap/ysia [52]. In all 

Cas<>l il seeIrn that repetition;" the key for converting from sOOrl- m long-Ierm memory_ 5horl­

lerm memory inml.ves reversible modiliclttiOOl.' to existing atru<:lUres, such "" Ca~+ buildup or 

transmitter deplelion [llJ- Long-term meIDJry, on the other moo, has been ,hown til require 

gene exl'tesaion and pl"O,ein synthesis 150]' meaning that LT:'I-f invol""" atl"UctUl"al changes to 

the neur~l cireui!. 5ynap""" Me not u"u~lIy funned or lo"j., bul rather are strengthened or 

wookened by the growth or ,,,.;r,,,,tbn of release sit"" within a "yna{'sc, The d"l"'ooency of 

LTM on protein "ynlh""is loa., boon "p,,<:;lieally shown fur Aply.ia [83:' 

7 .. 5 The Cplluiar IVIpchaniSlH of Hahituation of thf' J\]onosynap­

tic 'E·P::lP 

Cellular stll<lies of h",bitu~tion in Apl,,;ia ar<l generally inconsiatent in their approaclJ.. but 

00"'" example protocols can be found in lin, 24, 32]. Initially an AP in 0"" of the LE renrory 

neurons ",ill pru,luee " fairly large PSP in Ihe postsyn~pti<: motor neuron .. Repeat",1 firing 

of the sensory neuron "ill ,,,"ult in a d"",,,,,,,ing PSP. The time cour:se of the PSP d"",e",,,nt 

i" ';mil~r in ,h~pe tD Ih",t of the beh~vioural de<:.emenl in wlwJe.lWimal experiments. This 

response decrement is limited w the stimulated pathway, ruling out the possibility that the 

de<:.emont i, the r",mlt of deterior",tion due to i ",l~tion [19]. The oooerved h",bitu",tiun i, 

independent of renoory adapt.ation or motnr fatigue and the sensitivity of the postsynaptic 

neuron is unaffected 124], The primary mechanism is oornoeyrml'tie del're8sion _ ~ redudion 

in the quantily of ne\lrolran",nitler rele .. ..,ct in re"POnse 10 3Il AP_ The r""ueed release is due 

to '" deplelion of rele .. ,,,,ble ",sick. al the acti", .,,""" of the synapsc, which in turn is due tD 

insufficient vmicle mobili.ation [11]. Resting the neilton ~llow, it to repleni.h lhe rele~s~b!e 

.""ide pool frum the ,tor",);e pool, leading to recovery of the ""sponse_ 

Repeating Ihe stimuhtion oft,.,. rest. le&ds to '" greater decrement in El'SP amplitude and 
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con.....,sion t~ long-t= habituation. As exp<>oWd (...., 7.4), LTH r"'luir.-s protein and RCilA2 

synth""is. Long-t,",m h.bituation 1e..cJ., to a 'i~nifi=nt reduction in the number and siz~ of 

""tive zones in the SN_:\fN ,ynap"" lind in the number of tran=il1er vesicles a>liOCiatoo with 

7.6 The Cellular Mechanisms of Sensiti:/o;ation aud Dishabitlla-

tion of the Monosynaptic EPSP 

7.n.l Seusitization 

There is liItl~ consistency among ""llul"". studies of """.itization in Aply.ia, but som" ""ampl~ 

protocob "an be found in [15, 39, 67]. Strong stimulation of the tail stimulMoo oorotonergic 

int<n'ooUlons3 which contact th" pr""yn~ptic t~nninaJ of SN-M:--r "yna....,.. III "'''>,,>ll'''', the 

inl,",n",-,,-o,,. "l/_ """olonin (5-HT) into the synapse. As OOIlsitization is not site specific, 

the axons of the facilitato!), int..,nalNn" (FIN) conl",,1 all S:--r-M:'-< "yllil.PS'" in this relies, 

and probably ath",,". The pre.e""" of 5-HT in the ftffucted synapoos acts to increase lewIs of 

cA).1P" which in tun, .timulatoo the cA:\fP-dependenl prot";n kiu""":; (PKA). Tb~ incr"M<"£\ 

PKA activity reduooo two "P"'Cific K+ CU1rmt. (~2] which has Ihe elfe<:t of broll-d.,."ing the 

AP generded by the """O<lTY neu,-on [53]. This leads 10 increased C"H infiux during th" AP, 

thereby inC1~""ing transmitter :re1"""",. While the dfe<;t. of 5-HT applic"tion do somewhat 

outlasl it, presence [62;, the abo .. emmtkmed moclumi<m still only "",,counts for "hort-t= 

aenaitization. AC<X>lding to [52], fiY~ tail sh<,,);, or five application' of 5-HT •. re sufficient 10 

cau"" pro1o";n_.ynthesi,..dependenl long-term sensitization. Baaically, the "'P""ted applications 

!eM to an incro(l,ll() in PKA 1I<Otivity which re..che" high enough level, t{) ",1ivate the mitogen~ 

adivated protein kin"""" (:.fAPK). The ... two m"ym~s then transiocate to the nucleus .nd 

'Rl\ A io • ",,,,JoOo acid ;n,o]vod in ,he ,,.,,,mi .. x," of I"""'''' ;"Io.-",.'",ln from DNA. It io ,,-nthes;,.,1 dll'i~ 
It.. p,oc ... 01 trM.':>ibio, '1:"" ioto 0 I"""'eio 0' R:>!A ""Iu,,,,,,, 

'A "".-0<0",,',>< iillo""'u""" i. 00 io'""ne",oo w~jo~, w~oo . Hmulat.e<I, ... Ioau. ...-otooin. 
'Cycl>< odono"; ... ",o_",,"ph.lo (cAMP) i •• common ""<lnd m .... o'" ,,(ul.'io( bio<h<mical ro""ion. 

d opendon' on hormo",-~ and ncurot"""mxtoco. 
',A~!P.d.pend.n< p,,,,oin kina. , 0< protoin k'n . .. A (PKA), ,.10"'0 • <1"'0 of "=ym<' "","" de~"'" of 

acti,i'Y depond. 00 ,h. 1..,..1 of cAMP in ,h. 0011 Lilre otho, p<otdn kin .. "" PKA m<>da;.. <>tl;c, p.-oIe,"", 
_o"lly re'ulti~ i" • fU",,''''ll.1 ch.llll' in I hat proleio. Moo' coUular p"'~",o.y. ace ... S"I>t«l by kio_ . 

'Mi'ogon-ootin ,«I pmtoin kin~ (MAPK) ... p.-o<ei" hoNe WhLOh decl. «ll ,epon .. 10 a::ro""h 1",,10 .. , 
.., ",ell .. ,e~lliatio( .ctiviti .. . "oh .. S ... ox""",,"on, diffa-<on'iot "'n .nd mi\",," (,he n"'m.l p."""". of cell 
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&elivat., a transcriptional' ellSCMe beginning with the Iranscription factor CR.EE-l", Finilly, 

CREB-I lea.da to the 1U.1ivation of some immediate r~pon"" genes ..nd th""l to growth of new 

COIlIl()Ctions. 

Irrespective of the means of expresllion, animAls tlmt have received long-term sen.gitizMion 

trah~ng haw up to twi"" ... many va:dCOllilies, all of which show 'tn increase in {he nUInb"r, 

size and .. ""ide component of active woo. [10]. While these chan""", a·re indu~.cd and cxpre"",,", 

Prelll'"Tl"ptica.lly, some change in the poot"l'"Tl"ptic neuron ill required in order 10 aC<Dnu"odate 

these new rele",," siws, most likely an upregul"tion of excitatory amino acid'O (EAA) re""prOfs 

[82]. 

7.6.2 Dishabituatio n 

According toO [46]. bro"oomng of the AP of a Iwbitu"ted synapw Ims little effoct on transmitter 

rele",,". 'I1lis i. because transmitter release in.uch 8)'ll!!.pses ill limited by the "vailable ,"""icle 

popul"t;on ralher than by AP duration. It is therefore not surprising tlmt disTh~bituation 

of .hort-term hhitu"ted 'Yll"pres invol"". iIJl additional prom"". Thi' prom", i, hkely to 

invoh" the mobilization of ",sid"", ".-hich would have DO eft""l OIl " synapse which was not 

h"biluated. DishaNtuation of long-term habituation involves the re_growlh of lost oonnedions 

and is therefore the =~ as long_wrm ""nsiti, ... tion of non_habituated '}"Il.ap ,... . 

7.7 The Cellular [\lcchanisllls o f' Classical Conditioning of the 

1\1unosynaptic J'~PSP 

Some examples of prolocob for celluiM dossical corHlit;o,ring ,tudies can be found in [4, 5, 41]_ 

ki with habitul!.t'.on and ""nsitiulion there i. little oom.istcney. Clt>-",ic;;i conditioning tnlm­

iUl; in""l",," the presentation of pairod CS ""d US. Prcacntmion of the US (tail shock) ob--

Ji'~"n!\i .. "" .,.-",,·,h). 
'Tron5t<;pHon i . tho p,oooa ~'h..-..,y A DNA K<\"' ''''';' ,onv .... od'~ A "''''pJ.m,ntory RNA. Tt. ;, tho 

h.,,;nn;ng oft"" p,oaK ~'hkh . " n'u. lly l .. d. 1.0 tho t.,"n ~,';"n 01 t"rtelk 00<1. int" octuot l""P'id .. "" prot.i", 
' A t.,""""dpt;'n foe''''' ;., A p,,",ein which ",gulate. 'ra"""d»lion. 
' eKEB_l "OnJ, 10< c"-\IP It,_noi,.., Elemen' BlnJin.: prole;n L 

" Exci'.tocy "n,dno .,,101. (EA .... ) .n . d ... 01 0x.".""7 ",,",o',..,. mitt... Mony (bu' """ . iniy not . Il) 
"""'ot,"""miu.,, "'. ~",ino ooid.. EAA ,..'~'m. ". , ho """p!.o.- p"".iN 'h,' hinoi '0 ,h ... neu"","",Dlitw , 
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vkmsly causes sensitizatiOil of all SN-;\DI synapaes in the CSWR. However, those synapses 

where the US is clOBely proceded by the CS undergo ,uhslantially greater facililation [21]. The 

"s"o"iati"" coo.npone:ut of dH""",,a1 conditioning is a combinati.cm of two mecltanu..w.. namely 

activity-dependent enhancement of presynaptic facili tat ion {ADPFj and postsynaptically in­

dured long-term potentiation (Ilebbian LTPj [5, 38, 73]. 

ADPF results from an interadion between elevated CaH levels can""" by the CS and the 

presence of ~ HT cau.oo b)' the US. When the CS "' p .. """"ted the !lelI.""ry neuron Ii""" leading 

to Ca.'+ inllux and hence to briefly elevated Ca:l+ levels. When t he US is presented the F1N 

reI""""" ~-IlT into the synapse, ac!.ivating lhe PKA palh,,",,)' as in "ensilization. IIOI'iever if 

lhe CS i, p"""",tecl abeml 0.5 ~ befo .. e the US, then the PKA activation is significantly 

enhanced by the elevated Ca21' level, leading to enhan=:! facilitation [5, 41]. 

Hebbian LTP occur. when pr",ynapl.i<" firing coincid"" wilh pO<ll1lynapt ic depolaxization. A. 

mm tioned previously, presenlation of the US elicits a strong withdrawal of the gill and siphon, 

and therefore depolarization of gill and siphon molor neurons. Thii depohri.ation of the motor 

neurons removes the MgH block of N1I.IDA-type glutamaw-receptor-gated Ca2+ channels in 

lhe pru<t"Ynaptic neuron. The removal of lhe M.q'+ blockade allow. lhe channel to re..pond 

to the presynaptically released neurotr!WSmitler (b)' opening}. 1bis allows CaH to flood lhe 

postsynaptic cell . The elevated pool1lyllaptlc Ca2+ COIl"""tmtion Ih~n indlle""" T.TP [~]_ 
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Chapter 8 

Introduction to the Model 

The first parI of this tlu",;, aimed tu familiari:.:.e the JlO<l-n"""-'Scientist ",jlh the basic" of Il""_ 

"anal operalion aJld ,,';Ih the nmctiolling of the 'p""ific neural circuit llnd~r im'c'liKalioll. In 

focI paT! one C"l1 to., yiewoo as an extended literature revie,,'. In ParI II of this thesis the authur 

will at.erupt \0 extI","!., from th~ hTOad "l1d in",m,;,!.",,! ""'p""iment.lLi dat.IL within the litcra.!uTc, 

t.he l>atllre of Ihe synaptic ptas\ici\y '" l'mrk in ApI",,;,,'. CSWR and (.calc a mathematical 

TfL(~!el dI'£Kljbi.ng thi; behaviour. 

8.1 Scope of the Model 

I)espit,., I)", rehtive simplicity 0[ Aply,,,,'s ",ilhdral'""l reflexes, \he CS"iR is "ill wo complex 

\0 model in iI, ent.i",ly. II, order to ""I 1!.ttainable goals, the authol """ d",,;ded to limit the 

>ropc of \11<0 "K~lel in t"" Trl1!.jm way" 

The ",odel will focus exdll,i.ely on the IlJOnusynaptic COIlljXJ<leJJ.! of the ,'eHex, ill whidl 

the key . it.~ of ph'licity i, the ~:'<·"Il\· synapoo. 

2. The author will ol\cmpl only tD ,",odd the "IH)rl_t.~Tm mHlpo",,,,t of Ih~ ph~licit.y_ 

In the Il1O<lO,Ynapcic CSWR circuit. the S_"_MN 'Y'Lal''''' i. th~ l()n~' of pla.,t.ici!y .mderl}ing' 

behavioural It>Xliiica,iun. 'Vhilc \he plMlk:ity (ond hen'." thi. 'YIlOrscj i. the focu, of Ihe 

mod~l, il will 'till be necessary w model lhe .c:nsory and molar neuron. co SOOlC dcg= 80 chat 

the behaviour of the n..xlelled "ynapoo can be cwllu"coo. 
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8.2 System breakdown 

"synapse" 

FiR'''~ 8-:1, A ,k"'ch of th" monosynoplic CSWR rircuiL 0' con,,\ruc\oo in isola(cd cell cLlllme, 
SllUw, LE .. muIy n~nr(Jn (SN), LFS mulm l~,uwn (M N) ~r,ri "'rotonergic int~ru"urQfl (C'>-HT), 
Th~ blu~ cird~ '00"" t.he 'ynop"" which includes park of aIllhrcc neurons, 

The "Y"I~Ill in <[Ll",lim, """,j,,, of "I k~,t. I"" n<mrons. namdy OIl" of 100 2·1 LE' &iphon 

,~nS(lI}' l",llWI}" anrl (ln~ of Ih~ LFS' cla&; siphon molor neuron", ail wdl ,., \he oynapsc b~t"-"'r' 

lhem, In adriilion, (here may be a \hir.! :lcuron, namely a. ""wloJleTgie inl~rJl~LlroJl frorn II", 

pleural ganglia, but ill somc ~-xp~rimental prep"mtium ihi., io (Jmitlerl ".! ,ri th~ llT'GOl,riition<x! 

"limulll., (eS) tal..-... th~ form of eX(lge<L(lu,ly "I'plioo =otOlLin. How",'er, t,k q"c;;lioo or dc­

lin~"tillg tlw .yr'~I"'" i, WIIIffi"hot dijfi",1l1 "" a .ynapse does nol cxi" "" a. discre'" phy,ieaJ. 

~fLlir.y_ ,\ sk~tGh (If Ihis aI'rou,o;emcm con be found in Figure 8.-1. Fortunately, iT(Jm " fUlLcti","'] 

ruin! 01' yi"",.. it is """Y w '''p''''''t(' tlw circuil inlo four ·cornp~Ttmen"'·, 0.' ,hov,'n ]n Figllr~ 

'To< LE d,,, .... "'. I"'ru~'i"" of 2, .. n .... y "'''''''''' inu"nlmg II>. 'i"!>,,n ,kin rh,~' '0"''''' Me all 
Ioo",od in ,1.< .bd"miMI w",.li"" 

'TI>< LPS ,.",,"a. "'" • • ""'V "hlpi>oo mo ..... no",o,," ,ho, ,,," b",n ,*",.," '" rnA .. ~~";!\c."t. ",.trio'lH""" 
,,, ,I>< GSWn :61 
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Siphon Tap or 
Injected Current 

(SN) 
T~p - > Spikes 

Shock , 
• 

Spikes 

connective) 

Spikes - > PSt: 

(Plasti city) 

Tail Shock or 
P9 Stimulation 

mono-EPSP 

LFS 
(MN) 

PSt: - > PSP 

I'igtllH ~-2: A block diagram 'howing the function al br~akdovo'n of the IIlon",ynaptic GSWR 
c.it~uit with bluckB rep"-",,ntiIl!'; each m<>dd 'comp""lm""" 

The firet oompartmenl is the LF """'OTY ""UTO", incllldin~ 'he lll~jori~y or iI, I<XOll h' 

role is simply th"t of" tran"lllmr lilld ,etv", !.o eUllvetl phy,icaJ olimuli illlo trains of w:liCll 

pul,enliak These AP, are gQucrakd at its axon hillock and pTOpa~"t" alon!'; t.h" axun as 

stor'-'-'Iyp<~l "vent, All the illluTmaliull ill the ,pikQ ~raill eau be repre80ntoo by a SO-'<lnOllce of 

firing time,,", 

T he """"lld c<Jmpartlllellt io the LFS molor m'\.\lon, inclu ding the majorit.y of its dondriw, 

Its rule is tu r.om"rI, input, jn the lunn uL' P"'I')ll~pli~ Cmrelll, (PSe;) ;lllo ou'~puto ill ~hQ 

form of spike tn,ins which in tum 3m ""nvert(~l, viI< ll~, l\(mro"'llS('ubT JUT~,\iO" (N"U), int.o 

The rhird comp"rtm~nt is tho llloduhlOTY int."Tl1(~jTm' which fin" in re'pUTI"" tu 'troll~ I,ail 
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this inJOrmauml to the ")"'''P''', wb= it will triggcc 5-HT releaoo. 

The fourth (and for tbis work the lll<lst important ) cmnp.outIIl,mt;, the ,yn"f"'C itself. This 

includes a portion of the pr""Yn~ptic ~xon (from which sprouts the synaptic bouton) and the 

porti"'" of the !X"5\synap(.ic dendrite containing all the ion chann.,)' required to con",,,,t rc!easod 

neurotransmitter to JXl"t'ynaptic current. Thu, the input to the synapse is a set or tiring time, 

~nd the output i, the monosynaptic EPSC . 

.s.~ l\ludel Framework 

",,,,her than using a dedicated neu.tal .iwul~tion p!l.Chge, the I!.uthof h"" choocn to usc "'""Lab 

a, Ihe ,imulation pl~tfunn. 'Thi, choice WM motivated in part by the author's familiarity with 

"\htl ... b, ""d in part- by its suit ability for the task ~t hand. "'"tL"b;. ~ cmnplctc!y general 

package, allording the !,",ograrnmer full control. and as such not impooing a specific , truclure on 

the modcl. 
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Chapter 9 

Modelling the Sensory and ]vIotor 

Neurons 

In o<der t~ lest the functioning of a model synapse, it is nocoosary to provide it with an input 

"nd view it~ output. III addition, lhi. mould be r...,Jiooed ill " way th"-I c{)llform.~ to the data 

present"" in tb. literature. Since the model to be developed is of the monosynaptic circuit, the 

relevant experiment>< afe pel'fanned on reduced pIeparations, Regardless of whether LE spikes 

are elicited by touching the siphon skin or by intracellular currenl injection, the .tirnlllu.. i. 

<x>ntrnlled "" "'" 10 produce" ~rOO pattern of output "pike!.. In the literature where roduced 

preparation" arc w;oj [31, 41, 65:, the :response i_ u.~ually quantified in terms of the area under 

the monosynaptic EPSP. ,ath"" th .. n ill te:rm" of physical withdrawal or MN "piJ.:e" Thus 

<:Offipl"t" mod,,], are not required for I"" sensory and motor oourons. 

9,1 LE Sell~ur:y Neuron 

Detailed ~lling of the workings of the LE neuron is not required for thi_ project_ Rather, it 

should 00 pn...Jble to create an LE spike train to match one used in a documented expel'imenl. 

There ill no rl6Cd to model the membrane of the LE DmrOn, "" inslea.c\ ",jrnple M"tL"b program 

""" de,'elopeci by the author which allow" the user to specify any number of protests!, training 

LA pre< ... ;, A .ing\e pr_.tlo" '" tho OS, foll""M by " long d-" "y, which i. u .. d '0 q,,",n'i/y the b_ lino 

""~On". 
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triaJ.2 (Illd post tcst.J . Th" corresponds to the enoi"" of trainiug protoccl. The only minD< 

complication 1,0 an otherwi.., lri,~a.l. model i. Ihal the LE neuron musl encode the stimulus 

strength,," wcll a.s it" timc of occur,""""". Since APs are "terrolypcd. the stimulu.. "trength is 

~ncoded by the numher of spikes in a brief t~l"""us' ",·hich t he LE neuron fires in re.pon"" to 

each stimulus. A graph of the relatioruhip belween lhe strenglh of a .iphon tap and nllllllJ.er 

of .pik"" elicited i. prosented in [35[ and i. reproduced in Figure 9-1A. A good fit. to the i~iti.J 

steep portion of this graph is obtained by the funcHm,o, 

1) = round(0.156lx2 - 0.3308x + 2.Z7~3) (9.1) 

where x is stimulus strenglh in gjmm1 and 1) is limiled to " maximUlll valuc of 13. The 

polynomi~l was found u.ing regre,..ion. An example t'""'" of membn\n~ potential from .. reo.! 

LE neuron. also from 13~1, ill included in Figure 9-1B. One can see th"t lhe firing rate is initially 

higber ""d declines over lime, hut this would be quitc difficult to model. Inste&<! the author's 

model u""s an aver"ge firing ,.,.te of 5{lHz. 

Th",," experiment. which u"" dectrica.l ralher than t~ile .timulation genen.ll.y elicit a 

tctanus of 5 to 40 spike. dur .. tion 0.1 a frequency bctwocn 20 and 50Hz. Such stimuli h .. ve 

conslant frequency, 00 this model more clooely resemLIes the"" CMes. 

!l.2 LFS :VIator I'\cllroll 

In lh~ lite<alure, l}", ya.~l m"-jority of experimenls involving the monaoynaptic <:x>mponent of t h~ 

GSWR U"c the amplitude of, or arca undcr, lhe nlOlXlS)'Ilaptic EPSP "" lhe measured outP'll. 

However, in many cases lhe EPSP rould exceed the firing lhr",hold and should therefore elicil 

a .piu. This must he prc=nlcd b«;awoc .. po.st.~ynaplic AP would mask a portion of the EPSP. 

Fortunalely lhe motor neuron can eMily be prevenled from firing hy sufficiently hyperpolarizing 

it by mc~rm of inject cd currenl. This allows the EPSP to he roo:mlOO, "" shown in Figure 9-1C 

'DB!", .. , "aini"" protOCDla a,.. ",,0<1 \0 "ki. diffvoot tyl'<" of pl ..... city. 
' A J>DO' ' aot i.. 0 0;"lI"' p'Mentatio" 0/ tho OS, ","",Ii)" "fter ~ 100, ""I~y. ured '0 qLl'''''i!y 'be ""'u. of \il. 

'Y""P"" ~I\", oomo p«i<>d of ''''''''''''yo 
'A te<~n ... io a br .. r OOLl' of high frequency fi'in(, "",..Ily in ,,,,!>On .. to •• in,p. ,bmul .... 
' Round ;, & ",_functioo which ,ound. off ito ",V'mClll to til< """, ... t into,,,.. 
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P aram"t"r Value 
Cm LZI'F 
R.n 65.6M!1 

U,,,, 45.lmV 

Table 9.1; Paramatel"ll for a model LFS motor neuron [49[ 

{also t><ken hom (SliD. Noodless to ""y, the hyperpolarized level mll3t be lI.9fld as a balleline for 

calculating the amplitnde or area of the EPSP. 

In order to replicau, these expe:riment~. the model motor neuron must al"" be prevented from 

.piking while converting the PSC to I!. PSP. As discussed in section 2.6, the Leaky [ntegrll.te­

and-Fire (LIF) model is a good OOlance between realism and simplicity. As such, the motor 

neuron w"s modelled"" a leaky illtegrll.tor with the firillg mechani~m removed or, rather, not 

included. The only significant variablell for an LIF neuron that .... ill be prevented from firing 

are the memklUle capacitanal (Cm ), the membrane resistance (R",) and the resting potential 

(Ur .. ,). In order to make quantitative comparisons betw=J. model hehaviom and experimental 

datI!., the .. three variable.. would need to have m,.Jistic vaiu"". Empirically obt&ined valu"" for 

these variablea were found in [49[' and are reproduced in Table 9.1. 

9.J The US Pathway 

In addition to modelling the SN. MN and synapse, it ia also rteeeSBal"y to aIlo .... for the input of 

the US. In reduced pmparatiollB this is performed in one of two ways. The fi",t poo«ibihty L' 

to leave one or both of the pedal nerves (PU) conmeted to the 1Ilx\0mi",.J glWglion, and either 

electrically .tim,,)ate the P<J nerves themre)Vell [61i] or leave the t ail at tached and st imulate it 

(4]. In this case, the peo.k 5 - HT concentration VIl.["ie. linellIly with slimulll.. intensity, as shown 

in Figure 9-2 (adapted from [62]). 

The =nd po!<"<ibility, which is most. commonly,,""" in isolated cell culture, is to use 

exogenous application of a 5 - HT oolution, typically with Il. concentration~ of arouud 501,M 

[13). The reader may have noticed that the concentration of applied 5 - HT i. about 1000 

times greater than in respanre to tail stimulation. The reMOn for thi. difference is that the 
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~ppJ;ed 5-HT has to pabS lhrough diffusion t.vri,,,"" "nd contend with active 5 _ HT lranspml 

mechanbllill, "" only" "mall percentag~ of the applied 5 - HT will peoetl'~te the SYIl"P"" and 

bind to "",otonin recep(.ors. 

Pot the PUT!,,""" of tm.. model, the author h"-' chc.oen (.0 implement the bmer ""'"'. As­

certaining the nature of the 5 - IIT release in r""pen", to P9 ~'imulation will be parL of ~ later 

ch"pt.er, "" for no", only th~ relative strength and time of occurrence of P9 "cli-;ly comprise 

th~ US. 
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25 
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I ~- __ 

______ 1 ___ ~ ~ ~ ~ ~ __ ~ ~ ~ ~ ~ 110 mV 

Figw" 9-1: A) N umool' of spik<1< in an LE """""ry neuron"" a function of tap .trength. Number. 
in br""ke~ are the number of insl ""C,," on which Ih" reooing is b"""", Bars show standard 
devi .. tion. B) A recording from" real LE neuron in r""pon"" to ,iphon tap"" indicated 011 

graph. C) EPSP record"d from th~ LFS mota< neuron in response to the spike train in B). All 
Ihr"" "",re reproouced from [35], 
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i." 2< train ,,{ ~'" IW pul .... (o.d..~p'td from 162)). 
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Chapter 10 

Modelling the Synapse 

The origin,,1 aim of thi. Ill"';. w .... to model Ihe synaptic p\a.,jicity underlying certain be­

ha,,;ou.m.l modifications in AplY'''''$ GSWR .. PreliminlUY investigation, reported in Chapter 

7, has shown that the single largest contribution to this plasticity originat"" from the primary 

sensorimotor "yn"P""'" in the circuit. The author'. deci.ion to model only the pro\ein""Ynth~>si&­

inckpendenl, . hort_term pla.,ticity provides a funhe! simplification of the Oliginal aim. While 

the basic mechanisms reported in the literature have Moody hocn presented, a deeper investi­

gation into the details of these mocMn;ams and their interaction. will be n=sary in order '0 

model the synapse with a rcllSOnablc dcgroc of accUIacy. Before modelling the dynamic" of each 

separate form of plasticity, it will be necessary to determine how they ""sert their influent"<: on 

the PSP, 

10.1 PSP ami Plastidty 

All discu..sOO previously, the elf"",," of synaptic plMticity "'" best observed os change" in the 

Hfl'1!. under the EPSP. In the IiwralUl'e [6, 33, 84], EPSPa are generally referred to M being 

either complex or mo,,,,,,ynl!.ptic. Whi)., the shape o{ a complex EPSP i. qllile unpredictable, 

due to the many contributions from various synapses, the shape of a IDOIlO"ym'ptic EPSP is 

quite coruutent (_ FigUle 10-1, taken from [4]). The ""ape of lhe EPSP depend. on tWO 

factors, namely the membrane time CODstant and the PSC. Belore beginning to look I!.t the 

plasticity, it is IlOCCssary to model the time course of the PSC in respouse to (Ill AP. 
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70 mV 

50 r:1S 
LE 

Figure 10-1: Examples of complex and IDOIl<l6ynaptic EPgp, elicited in an LFS !"""Ot neuron 
in r",,]Xl""" to th€ LE activity shm,jn (reproduced from [4J)_ 

A good approximal;on al the ahape of a real IDOoosymptic EPgp {such "" Ihal in Fip:ure 

1O-1} can he achieved if the PSC is a doctlying exponenli..J like Ihe one .l>OWJ' in Figure 10-2. 

The PSC is d<..""ribed ,,",' ita initial value al too time of spike occurrence (calloo PSCG) and its 

tinw constant of decay (TJ-'scl- Po< th", sli Khtly idealized C"'"". the EPgp area ""rie. linearly 

"'ilh the ]Xlak amplitude_ The amplitude, and hen"" area, i. lhe prO<lud of the (ime-l<>-peak 

{TTP} and tale-ohm (ROR) of the EPSP, as illustrated in Figure W-3. These two in tum 

"'"" dependent on Tpsc and PSCG rospcctivdy. 

Fo< the ,ake of lealism it is delirable 10 know how the PSC ,Mal " .. ith plasticity. Accordinp: 

to [4~]. these two propcrtieo (TTP and ROR) arc affcct"d differ<Onllr bj.- different type!! of 

plaslicity. Specifically [45] show:< that for depl",,-,ion (,0 70'10, t.he tdative oontributioll8 are 16% 

TTP and 84% ROR, while for f&eilitatkm (,0 175% th€ con(ribulions "'" 63% TIP and 31% 

ROR. For the sake of simplicity the author "iU neKloct the smaller of the abm-." contributions. 

Thus in lhis model habiluation will affec( ROR via PSC" and sensitization will affect TTP via 

Tpsc_ 
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Figure H).2, PSC (top) produced b)' the synapse model and resulting PSP (bottom) from the 
LFS modeL 

10.2 Hyuaptic Stuch<lliticity 

It was mentioned in Section 3.1 Ihat thereJeasemneurotrammitter during an A? i~ probabilistic 

in nature. The prob. Nlity of an individual oockW. vCllid e undergoing exocy!.o>i. OIl II.triva.! oJ 

a "Pike i. Il.pproximll.lely O_M [77[. However, this unreliability c~n be rompensated for by 

increasing 100 number of releasable vesicles , The SN /MN .ynapeo. in thi. circuit contain over 

2000 vesicles in lotal [9[, of which about 30% are ,,,leasable [111, This moans that on avera!:" over 

3-0 veNid"" should undergo exocytoois in respo""" to each SN spike. Hanoom fluctuations in the 

Jlumber of releaoo<i transmitter quanta will oontributo to t he variability in EPSP IUIlplitude, 

bl1t t.hi~ moool will ne,glect th ... "" f1uc\ uatiOJls in the interests of simplicity. The release of 

transmitter will thorefore be modelled a., being determini.tic !Uld rrue""" probability will not 

J""lure in the model. If it beootn<l. necessary to include too effect. of .tocbastisity at a later 
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Figure 10-3: Eft'ect8 of ra.le-of-rW3 (RORj and tirne-to-peak (TIP) Ull the arnpliLude uf ~ 
monooynaptic EPSP. 

stage it would be fairly tri .. ial tD do i!O. A p",,;ble method would be to include a while noise 

component, witlt a.ppropriate variance, in the PSC. 

10.3 Basic Structure of l\Todd Synflps0 

Having examined t.he "hape of the EPSP and delennined a. suit"ble Stlucture for the PSC, the 

next .tep of tOle mcxlel is to (~'ea\e a "blank" synapse, into which the mechanisms of plasticity 

can be imerted. PlaBticity aside, the role of this .yna!"" model i. to <Xlnvert a presynaptic 

firing time into I!. poIltsynaptic eurtenl. The procedure for accomplishing this is a. follows, 

If (I = I,pi .. ) then PSC = PSG + PSGJ (10.1) 

The meaning of the }8'udooode above is that wl:encvcr a presynaptic action pot",,\;"! """ura 

(t = t .",ke) the PSC '" ,wppeJ up by an amount PSC"_ The current then di", "way according 

to: 
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dPSC 
------;{t = (-PSCllTpsc (10.2) 

\Vh "'" Tp';"c "" 5",s, con'copundiug w the TTl' for a bascline EpSI' 1·151, A yalue of 

PSCfJ = 2n.-l was ""tima!..,d hy the auth"I", a, thi, ""lue pl"odmm an EPSP of plau,ahl. 

amplitude in the motor neuron. A compari""Tl h~t"~L an EPSP gen eral",l hy th ~ nK)d,,1 and a 

rcal EPSI' is "hown in Figme H}-4, It io the shape and uroer of IlliIgniwdc which are dignificaut, 

1:: -U,035 
c~c 

-

~ 
~ -0.04 • 5mV 0 

" • 
" !! -0.045 
~ , 50 ms • > 
00 -O,()50 , m 'CD ,m '"' "" "" '" 

.., ,m ;ro 
Tim~(m.) 

Figure 10-1; A graph "hov.'iug \1", ,imilarity in "hap" of a I"eal LFS EPSP (adapted from [5]) 
(black) and a ,iTTlulated LFS EPSP ll'On! the nJOdcl (blue). 

TTl order to alLw fOl' lhe laler inclusion of plMlicity. variable" call"'" Hab and Sen .• are 

intl"od\l(m. Th"", variables are t1dCd 10 ",&Ie PSCu and Tpsc rcspecliycly, and both hay" 

initial v"lu,", of uuity. Howe""'" HM ia lhlJited to the range 0 ---+ 1 while Sms ;;. 1. So, fur 

exampl • . Hab = 0.7 a,n<l S~n' - 1 ml't""l~lnd, to habituation 10 70X uf contl'OL while Hab ~ 1 

and Sen .• = 1-5 co<r'"'l~)j]d" to oemitiz&tinn to 1;>0'70 uf contLUi. It may becoIlJe n""""""".v to 

include anotl..". "mahle !o "',,'oun! inc ",moe part of classical conditioning, but thai will he 

deci<kd !aIel" 

How II""", ""naIA", change in t.";pun",, to d.vnaptk ""Ii ,-ity is Lhe dubjed of L·he remainder 

of thii chapt~r and i., 1.1", ",""",:e oHhi, model. 
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Fig,""e 10<;, Typical habituation data (adaptoo from 120]) (black) and the negative eJ<Jxlllential 
that approximat~" it (TI'<i)_ Th~ "'lll""ion for the rOO Clln", i" y = OO(,-~!O.4) -;.-10, wh.,,-~;r 
i, tTi,,1 nwnher and y i, r""pot}."" amplitude (peT,,;nt ()f contrul). 

10.4 Habituation 

Habituation oUhe GSWR in liplll"ia W",' originally de,.crihed in [6DL anti h ... h,,,,n at.trihlltOO 

tu Iwmuo;ynaplic depr""sj()fi in the furm of reduced transmitter release 1241. Thill in turn is 

thought to t.- due to depletion of th~ r~).,"" ahl~ ",sicle pool [11 [_ Tills ,t"",Lud depletion model 

is quite widcl~' accepted and accounts hr the cxjXIllClltial-likc decay of efficiency ,·,ith repeated 

stiumiation [701_ A typiml hahitnati(){l time <:our"" (adap,,,,l frum :20:! and Ihe eXjXJ,>enti,,] 

thai approximate. it are shown in FigUl'e W-5. Note that the cxjXIOClltial is a [m,ction of the 

numi:>cr of l)f""~nlatio"" rather than of time_ Th~ "pont.an~om re("(lVery from ],ahitnati()n with 

re<t folhW2< a oillnila:r exponential-like time oour:se, an example of which (taken from leg]) is 

sho"7Il in F'igllr~ 10-0_ So, ",' "first approximation_ hahit.llation c()"ld he model)",l "" folk"",,· 

(10 .. 1) 
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Minutes to first recovery trial 

Figul'C 10-6: Spont!l.l'leoll" recov.,,-y from h!!l~tll!l.!j"n (T"pmdured from i69j) . Animal, were 
habitllatoo and then allt.",,,d to "",-"ver [or diIferent period' befure being presenl" d with a 
single "imuluo 10 te,," for rcco'\'''r),. Each p:>int i3 an average of three ""paratc [.Csts, except Ihe 
last which;, bMed Ull 1:\m. 

Where Htlb io a variable in Ihe range 0 < Hab < 1 Hab" = 1 and I H ,,/, is a pill", train, 

CDrrt"ipondiIljl; to Prt'''''-Ill!.pti~ "pikes, which jlH-",id", tl", de;"" to habiluate Ill<- ",)-nap"". The 

response of lhis model to a mllning .,.;o>on comisting of 10 [.lialls with lSI = lOs, and appropriate 

vahl~~ for lila' and THo!. i, dK'''-'' in Figure lo-7A. 'While al ficot glan"" thi., way "]lP' ''1f to be 

a faid}' ~ood approximabon, the probJ"", ~Ti<,", wtwn ,,"" att.empt. 10 t.min t.ho nm~ ,ynapse 

,,;Ih I!. cliffer~n l TST. 

In ApJYJin, hahiluation occur, wilh ,imiiar dynamics ="'. a ,,;cl~ ran)!,,, of ISis _ from 1 

to 100 =11ds ]lti] and mor~. l:nforlunat.e!y. whl'll t.he mod~1 de,crihed by 10.3 is stimulated 

with an lSI o[ 100. (a tenfold increase) the i11er~ased rerov",y time hctween each tri!\l aUov,·s rO!.' 

[wi ""-,,,-cry and hence no buildup of habitumion, as seen in Figure 1O-7B, A luroher 1-'wblcm 

ari"", when an LSI o[ ls is used. With w ilttle time to rcco",r hctw",n each spike, the variable 

nob i, clriv~n below "",0, Thb is not accc1-'tablc as re!\l synapses can never change sign through 

learnin)!, (."" Sectiun ;U), 
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Figu"l l(~ 7; Time COUI'6<:' 0( Ih~ ,.".ri,,"h l ~ HM (first appruxiIlll!.tiuu mooel) in re><\NnOOl Lu 10 
"ti m,,\;, A) lSI _ 11) Ioto<.'¢»tl.; B) lSI '" 100 """ODd •. As (con he ,,,,,n; th~ d~l'.Te~ cI. hRh".\l",~iu" 
is LOX' dcpcn<\C'P.l ('n lSI 
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In ""de< to solv~ the I~tte< p<ohlem, ",me m",iumi. m i. required th~t will pc""'''''! Hab 

from goin& below zerO. One possibility would be!o multiply the equ~\ion for ~ by Hab "" 

that "'(;,.0 _ 0 "" Hab -+ O. The proNem whh thi. approach i. that M more lime is spent 

driving Hub towards zero (e,'CIl once it is indistinguishable from zero), more time is required 

for l'OC<JVe1'Y. A [nore promi"ing approoch is 10 u"" an entirely different m<"lhod, and crell.u, the 

exponential-like docay by multiplyin& IIab by ""me number 1_ than one for each presynaptic 

spike. 

If (t t.,.",) then (H ab = H ab . I'lH) 

whe<e: I'lII E lR; 0 < I'lH < I 

(10.4) 

The meaning of the pseudocode in 10.4 is thai for ea.ch presynaptic action potential (t = 

t>pi")' Ihe ,'ariable Hab is multiplied by some rcal number (I'lH) which is in the range zero to 

ODe. In the "bsence of any =overy function, this will produre " [",&ative expon ... tial which 

approach.,. a limit of =0 wilh a sleepn= detenninw hy t:.II. Recovery can take the same 

form as in the pri"" model, ""rudy: 

dH"" <it = (Ilabo - Hab)ITH~ (lO.S) 

Where Til"' is the time constant of rocovery and Hallo = 1. Now IIab will tend to some 

value, Hab"'i" :;. 0, dependent on the two free "MiaN.,. tlII and no,. Thi" will occur when 

the decrement wit h each spike is exactly oornnced by the recovery hetw","n them. Fo, COI,.tant 

tlII, TH", an<! lSI, and aosuruinI'. that "'1,.0 r~mains COllStant during ,eco'-"'-y, the steady "tate 

value of Hab is given by, 

Hab",."" "" (TJ/ •• ' (J tlH) + lSI) (10.6) 

In orrler to proceed with the model, it is necessary to determine the nature of 1'l11 and TH •• . 

\Vhile it would be convenient to ""sume that they are constants, this is unfortunately not the 

eM<!. In fact, [16] show, that there are OOIne unC'Xpected effect:. of lSI on the time cou"",, of 
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habi~ualicn. The following . ul:<oection is 00.,00 on lhat r"""","ch. 

10.'1.1 Effsch of lSI 

In [Wj, Byrne invesligates the eHect of training lSI on DIlItain IIS]>ect" of habituat.ion and finds 

that "These data are inconsistent with a classical deplet.ion model for synaptic depression !Uld 

indicat.e that. ~il:trn " single romplex function of time and lSl or multiple functions underlie 

synap~ic depression "nd it. recovery at the """.ory neuron .ynap""." Hi . finding •• how th"t 

three properlies, namely Ihe maximal depresaion atlainoo, the median depressH:m of l he second 

of two EPSP, and t.he ratc of ,,,,,awry, are non-linearly dependent on lSI. The relalionship, 

be~ween lbeso; qnant.it.ies and lSI ate well . urnmlll"v.ed in th,"" graph. in Byrne" paper, which 

are reproduced here, ruong with ex~rads from their original text. in Figure 10-8. 

A ,- C 

-'. " , , -, '" 
" -~" ~"'- " ~" :oJ " "- c· • 

~~ 
, t!j~ 

!-
, 

"-~ '. , ", • 
~ ., 

0 ," 
! - " I." oc:i , .- " 0 

., . 
" , , - , , > • • • , .. . .. , • • • • " • • • • 0<,""'-"" .......... ~ ..... 'N' ~,!V"'- (~~~, ,., <C~'-' ., .. , :;~ ~"" ,'. ,' ~-, 

FigUl"€ 10--8, Effects of lSI on habilua~ion, adaptoo from JIG), The fofuwing are exl,,,,,l s from 
the <rriginil ~.ap{ions_ A ) "EPSP depression "","us ,timulus uumb"" Group data from 62 cells 
in 37 diHercnt experiment ... Al 1",,_1. 12 ",,11. were examined "I. eacl:t lSI with the 3Dlplitude 
ot the first EPSP sooroo OIl 100%." Il ) "Rclaliollllhip between . pike intervsl and :<eOOnd of 
two EPSPs. Depres,iou is deDned "" 1 - Hi~ where EPSP, is the she of ~he first EPSP 
and EPSF;, the si7.e ofthe """""d EPSP." C) ' Relati"" recovery 100. ruler 10th EPSP, One 
hundred 8eCCnilll afler a train of 10 ,3.10,0' 3Os, au 11th EPSP was 
elicitoo, Percent recovery is defined lIS 1(0)( , 

Examining lhis datI<, some qualitative conclusions about the elI""t of lSI e!ill be drawn: 

1. The mru<imum depr_ion "tt3in3ble with a given lSI is non-linearly dependenl on said 

lSI, with a flat region in the vicini~y ot 3 to ::us ISI. 
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2. The mean depression of the second of two EPSPs shares a similar non-linear dependence 

on lSI, also with a flat Iegion between 3 and 30!; lSI. 

3. The relative recovery after 100s ill inn",sely related to lSI. However, since recovery after 

lOOs is inversely proportional to the time constant of recovery, this time constam is 

directly, but still non-linearly, related to lSI. 

Ideally thio ll¥>del would reproduce these relationships exactly, but unrortunately tMt is 

unlikely to be po .. ,ible for ""veral rea:.:>nS. ~linol' complical ions arise from needing to lind 

functions which lit the data in Figure 10-8 and from the fact that these graphs include so few 

data points. The real problem h"",,,ver is in determining the Iel~tionship l>WiI""",n the quamiti"" 

in the data (maximum depression, depression of the """",nd of two EPSPs and rewvery after 

100 ooconds) and the variabl~s t:.H and TElo'. While recoVNY after 100 seconds d~pends only on 

Tll "" the other two quantili"" are dependent on both t:.H and THO>. Mter some preliminary 

work attempting to find £unctions for t:.H and THO> that fit the data, it is the author'. opinion 

that such functions, if found, would be impractically complicated. For this reason and in the 

interest. of model simplicity, the following simplifications will be made: 

1. The maximum atl~inable depr""sion will be identic.,] fur aU ISis. A value of Habm..x '" 0.5 

will be u"""', "" thi., i. approximately the value fur lSI = 3 to 30 IIeCOnds [1(i[. 

2. The rate of depression (as "function of stimulus numhe:r, not time) will be identical for 

allISI. •. 

3. Rate of recovery is inveroely proportional to lSI. 1\0 attempt will be made to r'1'roduC(' 

lhe nonlinear relationship ill the data. 

These are clearly significant "implific~tion.' which make the model I""" accurate IUld realistic, 

but the "uthor f""l, lhey are warranted . Considering that a 100 fold increase in lSI (from 1 

to 100 seconds) lead:! to " mere 30% chan.ge in H~bm.:.<' the fir.t two simplifications seem 

Ie"""'nable. The rerovery data presented by Byrne ill problem"tic, os it shml'S Iecovery ~fter 

100 oecond,. The problem ill that 100 seconds ill a habituating lSI, 00 the stimulus used to 

measure the recovery will aloo call.,e habituation. Further, Byrne""" not presented recovery 
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data for a lOO-oocond training iSl. These probl""'" with the datI!. IIl" an thl!.t ""eurl!.~ MId 

",ali,tic moddliug of th~ d"P"nd,.uCfO of rccCM'l}' on lSI is not poosible, 80 illStead the model 

will only reproduce the key qualit ative aspect, whidl i, that recm'",-y i, , low,"" for louger tr";ning 

ISis_ This "",ve, "" ju~tification for the third simplification_ 

In light of th_ simplilicatiun8, tillo r!'<luireme.nts =u h.. m,.t if t:..H = (>; and THO> = (3 . lSI, 

whf'Tf' <> and fJ are con, tauts. In addition to influencing H abmu, t:..II also aff<"CUi th,. ',ho.:rpu"", ' 

of the exponential "" "- ,-al"" of <>: _ O.&i w .. , cho""u (hy trial and error) such that Hab h"" 

alo:no<lt r,.acheel steady , tate "ithin 10 stimuli. Next, a value of {i _ 5.25"'M found (also by 

trial and error) to produ"" the correct JIa","". So, thf' = two equations for the model Me: 

lOA.2 Implementation Details 

'.M 
(5.25-ISl)&-t 

(10.7) 

(10.8) 

In order to implement the model d"""ribt-d by "'IUations lOA to 10.7 iu MatLab, a few isSlles 

IIltllit ,till to, clf'areel up. The first is hCM' to determine what"- ,uit"-bie training trial i, and whf'Il 

to apply {he changes from""';d ttiaL Th~ ans,.-",- to this comes from the observation that the 

r",pouS<' to the first of a series of training stimuli i. not d""""u1<".nW "t alL This is obviously 

becau,e the expa:imf'Ilter u"", a long delay bet ... een pretests and the 01l8et of training_ Th,. 

implication of this is t~t it is actuolly the gap W""",.n .pij.;"" ,ath"r than the spikes themse!ve3, 

that constitut"" a ttalniug hiai . So, wh"Il<'Ver a spike occurs. Hab = Hab· t:..H and thi, ne'O' 

value of Hab j,; used to calculate the amplitude of the EPSP in r""poll'" to that "pik~ _ HCM'e'm, 

if the interval sin"" the ia>t 'pikf' is ,uffici<'lltly long (a, for the first traimng spike) then no 

ciecl'<'mf'Ilt should occur. It is therefore necessary to acti",']'y imrc- a 'maximUDl d<"<-Tementing 

lSI" (lSI .... x). Th,..-~ i, .ho th,. issue of "minimum decrementing lSI'. It has already t-.n 

IOeution,.d that I.E neuroIlS fire a ",iet tetanus in ",-"Spouse 10 tactile . Iimulation and we would 

oertainly nol WlllI( the synap"" 10 habitll"~ to each individual spike in the tetanus. For this 

reason it h also lliIC<"!i''''y to imp"'" a 'minimum decrementing lSI" (IS l min ), Wow ... hich DO 

habitualion i, p<rlonna:!_ Th~ 1, iSl used in [15] i, the soortest the author h& Ot:..ervM in thf' 
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likratUle, so this "",m" to he a T~""")jjaLle value fot lSI",;", 

Anolher ;"slle i.s what TSI to u."" ill (let"'-Illining 1"01_ Basing n,,;ov<rry on only tll{' 1ll0" 

"'''"'It. lSI i., not appropriak, OIl that would allow, for =pl~, ~ singl~ soort lSI to overrid~ the 

elf",,!" of a whol~ tr",;niug """,;on with loug lSI. Thllll it is nocess,u:y \.(, deteImiue the average 

training lSI; which will be called lSI_on. Only d=~mcnting ISIs should be iocluded in lhis 

average, Now 0quation 10.4 can ),., Ul'dal",l a._ folk)w;" 

if (I = I~k<) Q,w:/. (TST"".,;; TST';; TST"...,) O'm { 

HeW _ Hab, "-H 

'

.11.-1 ,'I I TST""","-~ TSlm~"'- ------;;-)+181- A 

(1O.Y) 

\\'h<rr~ 1ST i, the time sln"" the lOll' .pik, ISlm;" = 1, and ISImo.x = 12& are the 

minimum and maximum d<">Cr",,,,,utinK lSI, T~_,p"'liv~ly aml;\ - 10 i, a \I""r_d~fiu~hl~ C(~j"I":nt 

d""~Tmiuing the relative weight of the most reernt lSI. Toc cooi<;~ of lSI""", WOIl rather arbicrary, 

but S0CIllS r~""'nahl~ "omid..-ing Ih" lSI, ol";erv,,d iu the literature. 

10A.3 Output of the Habituation Model 

TM "'JUatiull" pre&ell'..:l abo,'e are th~ auth",,'. doocription of the habitl1o.tion e:dribited by 

lbe primary Sl\-M." 'Y'ml''''''' in th~ Apiy"", G~WR. Au eVll.iuatioo uf thi, and u, her form" of 

pla.,tidty """ be found in Chapter II, bllt the preliminary r~ .. ult. a,-~ promil;ing, The rosponoc 

uf the model to input lrains ooJl.'li8ling of 10 spike,; with ,'arious ISis i, sh""'n in Figllte HJ .. 9. 

10 .. 5 Sensitization and Dishabituation 

fhe mechanism of ,horlcl<rrrn )"'h~vionral ,,,,,,,,ili,atiull ()f II", G~WR ill Apiy.i" W<ll' fiT<t d~_ 

~rilx-d in [22[ and WAA <lX)Wll 10 h~ til{' r"'mlt ()f pTe.,ynaptic f""ilital;()n which ill tUTIl i. tM 

r",ult of s<:rotDnin actimt~(l "ycl;~ A"IP' (~AMP) [15[, A f~w yea" bt", il W<ll' f01llld that 

c.-\....'\1P ~xerts its inllUCIl<">' by reducing a "I"",ifi" K+ C()IJ(lllcl~nc~, J<,~ding to inc","-""Cl Ga'''" in-
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lSI- 3 Slcondl lSI = 30 seconds 

'"' '"' 
00 ~ 00 ~ , • ~ , 
00 • "' c c 

~ 
0 • • • 

" '" " " • • • • • > • '" • '" " " 
" " 

, , , e w " "0 , 6 8 W 
Spih Numb" Spike Number 

Time(s) Time(s) 

FiKllre 10-9: n"oporrt 01' Ihe habitllalion model 10 !.en t.roiniTl)l; 'l~ke, ~t all lSI of 3 (left) or 
3() (ri$l) """",nm., Th~ ",\) 1'1.-0 l~ot' ,IK)W oIlly Ih~ re!alive re,fX'uoo 10 each spike, Xol~ thai 
the (lel"y he!»""", ,pike 10 (the lailt training "pUre) and ,pik~ J J (th~ lXWlt t",t) i , 200 """"TKI,_ 
The boltom \W0 1'10\' , heM' Ih~ ",ct.ll~1 I""e ""lTse of the '"dri .. hle H ab (black) aru:l the lime:; 
of the pre,ynapt~: ,pike8 (red), 

I 

" 
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flux during the AP [~3[, which in turn leads to 3pike broacie-niog:, This change in the dumtiOll of 

the AP allOW!! for more transmitter to ~ released_ Initially it was thmlght that dish"bitull.tion, 

being facilitatiOll of a depressed .ynapoo, .h8Zed the oame m""""-nism and was merely a special 

caae of sensitizat>OII. This was disproved by [46[ which sh=-e:I that when lranamitter-release 

IeYels are depressed, prolongatiOll of the A P does not "'II.<! to a .ig:nific~nt change in transmitter 

rele"",,_ Further proof fur a ""cund, spike-bru&lening independent pr<:>eess w .... provided by [71[, 

which shuwed that OOIlBitization and dishab;tualiOll emerge at different tiIDell during the devel_ 

optn.mt of Ap1!l£i". Both of these procesae!l however f\re triggered by the presence of serotonin 

in t he synapse [39[. Before the mechanisms of ""nsilization and dishabituation can ~ modelled, 

it will ~ n=ary to model the ~HT dynll.TIlics_ 

10.0,.1 Serotonin in the Sy napse 

The nll.tme of serotonin release in respoIll!e to tail nerve stimulation was first investigated in 

[62[, in which the US took the form of a 2-second train ofp"]",," de-livered to P9 (the ".,.:tal tail 

nerve). Stimulus intensity was controlled by varying the frcqurncy of this spike train uver the 

range 0 to 40Hz. It W(l.5 found that 40Hz stimul"tion ,esulted in "peak S_RT concentra{iOll of 

approximately I60nM and that tb.i.> peak was reached within 4-6 seconds. The autho," of [62] 

also found that it tll.kes ~pproximately 40 """"nds for the concentratiOll to return to baseline. 

The build"p of serotonin in the synapse is likely to ~ the r,,"ult of a ~HT "current' flowing 

into the synapse (1,111-)' In the aruence of informll.tion about the nat",e of thi; cUlTent, the 

author will modd il as a square current pulse, whose duration corT,,"ponds to the Iime-Io-peak 

of the ~HT cou.cen\ratiun (_ Figure 10-10). The net outward ~HT current is likely to be 

po:OpCIrtionai to the conCl.'lltratiOll, I!O the return to b"""line will probably have the shape uf a 

negative exp(mential. The seru!<min concentration in the synapse can therefore be approrima.OOd 

by the following equations, 

'/ (t _ tus ""'.,) thefl{ (10.10) 
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(10_11) 

Where tpo ."m~I~, on .. ' = time of US onset, hH1D = duration ofoerotonin cmrent pulse (~s 

in this ca.",), follT m .. = l!Clotonin CUlTenl roquiroo 1.0 reo.ch m~xim"m mn<:entralion of 160rul 

(oi=40"M.r' in this <:are), P9"im "e,,,,,,h _ rdative strength of US on the range 0 =* 1 and 

T' Hr is .. time constant governing the rate of decay of the oerolonin concentration (1';JJiT = 8, 

in t.hi. ,~). The t.ime 00""'" of [>.HT mn<:enlT"tion "" detetmined by tl,"", Illodel (for mBXi.m81 

US strength) is shown in Figure 10-10. 

10.5.2 Disnabituation 

The .pike-brOlOJening independent process of dish"bituation is believed to invoh'e vesicle mo­

bilization [46[ . COn:liderillll th"t mort-term 1mbitua.tion ,,,,,,,!t.o from" depletion of reiUlily 

,.eleasable vesicle. [11[, it makes sense for dishabituation to be applied 10 the ,a.me variable M 

habituation, namely Hab. While little i:'5 known aboul the exo.ct time couroe of recovery "ith 

dishabil uation, it is known that the lll&jority of ~ry has occurred "ithin 00 """,md, of US 

presenlation, but can conlinue for up 10 10 min"t"" [61[. Unforlunately, a., mentioned in lhe 

p,.""io"s s" OOeclion, lhe S-HT concent,.alion returllil to baseline within about 40 ooconds. This 

mean, th"t .. rolonin con not ",:t direc_tly on lhe depleled _ide pool, no" on the variable Hab 

in lhis model, as its effect significantly outlasts itil presence. This prolongation of activity is 

undoubtedly due to cA.\fP or rome cAMP-&clivateci proresl! bul, fo, lhe purpoooe. of 1m" model. 

it is only the resulting delay I""t IlIJl,ttern. AI"", the exact Ined"'nism of this prOC.e58 is nol 

cun-ently known. Th indude this procftlS in the model all inlennediary variable called Di8hab, 

"'ho"" lime oour"" p,.".aIlel, that of di.habituation, will be included. Thi. variable "ill depend 

on 5-HT c.on<:entration as folloWll: 

(10.12) 

''Illere 5HT is the varhble .-epl'esenting .el'otonin concentration lilld T'm,,",",,;"" is " lime 

con,t"nl (11n <ermoJido ~ 7~) ,:hc.oon by trial and error "" that I,he In"jarity of Ihe aT"'" lInder 

Dishab come. within 00 !JOO)nd:! of 5-HT on""t, as illuslr"ted in n,;ure 10--10, The next. ,t.ep i, 



Univ
ers

ity
 of

  C
ap

e T
ow

n

A iO~ Squ,re t.-HTpulso and res " ling 5-HT corc entrat o n 

~------'-------r---'--c----'--r---------'--'T---r'C=-CC;',iKCiCcCo"~,,',i,i(~,',,c;",cecell 
-- 5- HT con, . nlr,lion ( nM ) 
-- Dishab ' '' lIess) 

\ 
:Utf :s:::~~~~. o 40 f() 100 120 140 160 If() 

TIm. (I) 

Figure 1(}.-1O: hHT pulse caused by '" 8ingle US presentation at mrudmum 8trength (red) and 
the remlting tiu", course of 5HT concentration (black) all determined by lhe model. AlIIo.howu 
is the time course of the int~nnerli&te varil!.bl~ Di.IUlb (hl~), which drivp.s dishabiluation as 
<h9crikd in ...,Iion 10.5.2. 
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to Illooify ,hc p"""00sly PTc",mt.crl "'Iu"rim for lhe roco''"I}' of Han (cq"~tio,, 10_5) 10 illdll.-le 

thc di,h"hitu~ling efl'ed of serotonin. Thi" i, ,,,:eC<[lpii,h.,,J as follaw;: 

dnalJ, " ') 'T :'i"'""'""" -- = \Habo - nlW ... 1100 + 
dt Tn',h"" 

(10.13) 

Wherc 1Ji~hab i, t.he preyiously Ji.ocurocu inL.crmernarY vari~hle ~llrl TV;,-h", i8 ~ lime con­

,bnt, (Tn;,h,,. = 0.81'6) cl;o,ell f£I th~t n';./i """'-N>; withiu" re.a.\isUc ,ime framc, R.ccovery 

from fl,.hilumion with 8JlU withoul a uhh.o-,J)ilnating 'timnl",' i, ,hovm ill Figure l[).ll. For 

Di,'hab = 0 thi" equalioll ohviously ,e.-luc,," l<l its previous form, 

10.5.3 Sensitization 

As "hc".-Iy rii,""J8""'<1, sen,i\balion exerts i~' inflncnce pTima.riiy t hTOugh spike br01!.ue.ning [53]. 

In keeping will. thi" ~nrl tJ", fjnrlillgs of :4">], i, was otalcJ at the beginning m tfl" d".pt.c' 

th"t seu8ili<aCion \",!Illu be applied to thc IiTrl !'>-lo'I",~k of the EPSP Yi~ the yarhbl~ T".<;(;,. 

While the Tn<x:hanbm underlying ",naili"a,ion i, quiw well nnek,r"toorl "-nri h,~, beeu rli""ll""'" 

pl'eyiomly. il will be ne<:c,,,~ry to ,~",,,'Tlain the time con1"&' oI f,CJl,ilbalioll onset in ordcr to 

modd it, 

It t.nrill ont thal lhe onoct of scn,'iti7_~holl i" 'Iuite riiffeTellt for monooynaplk yenm complex 

EPSP,_ EXI""iII"mt,' im-olyill!( complex CPSP" (I[ intact ,ipll',,:a, sueh 'Co :1>11, 8how th"l 

oollsleiz1<Cion only begins to oct in h"t",x", 10 "uri 20 millut.es ..rIel' US prcsco.tation. In this 

"'~mc ""rk il i, fmlIlrilh .. t" "Irangel' tail mock leado to lo""r ""'n,iti,,,.tiOll OT, fOT ,,,/ficientl)' 

strong slimulation, to inhiilitiou A go"rl 'cv;,w; of dill cht" is pl'esented in [33], which gOGS 

ou 10 "omp~re beh""ionral scnsltization to th"t of tl., <"'nplex "-nrl mO<lo"yn~ptk EPSP. It 

was prcvimL,ly m"ulioueu IIllit. the comple.>:. EPSP cll)f.Cly parallel, the oh""'Trerl withrimw"L 

It is ,heN'lore nol ,'nlllri,ing that the modi~c"r;on' 10 complex EPSP 8Jld to li>c hehaviour 

.-li,phy the owne time cour"" of on""t and !kpcnek'llcy "n ,'Iimul,,' strength, Fol'lnnalely 

(for the ""ke of morld simplicil)') Ihe mo.nc.o;ynaptic EPSP h('hm~" in " mo,.c ",,~ght.foTw~T.-I 

manner. Spccilk~lly; thc moumyu"plie )'-~PSP is significOilllly facilitated within 30 """ond. m 
5-IIT ~pplic1<tion (Ihe cellnlar """log of tail 'hock) mJ.-I ~I,..,) show" 81rongel' facilihtio.n for 

,.t"onge, lail shoek;, Thllil iI can be conclnOOd th"t hoth the rld~y'xI OIlset "uu inwl'se elfecl of 

'tT(mger stimuli "l'e ,he <'"suie of competing inhibitory PTO"'''''''' whid, aTe 1~)1 pl'eoerll in t.he 
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Figu re 10-11: Rr<-<,," ... ry fr,,". l .. bil lUotlv<l "ilh (ldt) ""'" ,,"ilbout (rIght) "dilohahi to." tiOj( ~t,m _ 

"hL". TI, .. US bad " Niall '" ~, ,,",,,,,d, "f U.;; >uK! ,u, lime of UCC1lfIlIltt ;,; sh".m in blue. 
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lll(lfl(}i;ynopti<, "omponent of tl", Teflex. 

Little is known about the exact timc mursc of ,.uJ.,jti7,atjun omet prob~bly tiue lo a l&cl of 

"high r"""luljun" exp.,-riTT",n(al dat&. Inste&ti, experiment, in thc litGmturc [3J; 84[ geneTally me 

only a few prx;(;-te.ts whi"h arc t[)(l fa,,- ""]~,,~t,,d in (Lwe to provide detailed information about 

""nsitiz~tion un'~I, While (here an undoubtadly good rc""",,, lOr thi' hum an cxp.,-rjmenlal 

]~'int of view (probably to do "ith not habitua.ting t"~ 'ynap""j, it d""" limil the pr"d,ion 

with which ""m;iti""ion e&n be mc><lelled. In particular, the riitliculty is in ricl",-mining tl", 

time !.alen lor se",itiza.tion to ,~a.d, ir. maxiIll111ll ",.,.jue, () lher belc,," whidl musl be included 

in tl", mtxlel are the rate of reCOWIY and the max.im1J11l ,emitio,aljun ~tt"ina,ble rrum a single 

VS presentatiun 

SeTut<Klin )"a.cb to "pile broadening through cA",tP-dcj)Cn~ent Protein Kim, .... [53], so ,,,n_ 

Ililizalion is unlikely to I", imm,,~iate, IHole",!. a, pe>tl "ecUts iKlillewherc in the vicinity of 

30 to 9f! "",-unJa pool ,(imulus, Fm the .axe of ,implieity, ti,e ~l1lllUr I,,", dl"""n to "tie the 

5-HT concentration to ~iT""tly tiTi..., the se.1l8ili<a(jon, r&lher ili&n utili<ing an )ntcIme~iatc 

,-ariable &l in the case of dishabituation While thi' i. not entir~ly ""cumte fmm a bi(~CI!';ieal 

,talltipoiHt, il proJuee, pe>tl oomabuion approxim",tdy 3·5 seconds oftCI otimulu, prcsenta.­

lion, mTr""ponrling tu the time t""en for the ~-HT eoneenlr&lioo to ",tm'n to ncar basd1"", 

.-\s,wlling that thc r""wcTY from ",,,,,,itimtion i, 1'011ghly exponential in shape, ".., h&,.., the 

folluwing "ll"o.Iion for (he ,-",-jable S(;)lS; 

(lO.l1) 

Where 5H1' iil the se",tonin conomtmtion, S"'-~'O - 1 io the Testing value of S(;)ls. R"',n, j, 

~ eOnSt"'" ~",'erning lhe d.lgree of ""mitization pnxiucoo bv ~ gil'Cn quantity uf ",,1'Otonin and 

'18"" is a time cunst"nt of r-.l,,,,,-ery. The '''''''( slep in er""ling the model is to fin~ value, of 

Rs",. ""d T.9.n. which providc a g""" fit to the experimental (hta. 

In [62: il i, ola("d lha, 'exogenouB application of l(}-50!,JyJ I}-HT pnxiuce maximal "jf.",," 
on tail Sl\ ph,heity 11ll(leT am ellTrenl =P<'timenhl coHtii lio~ .• _ In [33[, exogenollil applicalion 

of 5O.uM t)-HT leado to f"dli\ation to 275% of ba....,line at the 30 """onti ]""'I_t«<t; whi"h i. tl", 

maximum bdll,~\ion reported in that work Therdore it s<xm, l",c<on~ble to ","1l11'" t"~t tl'i' 

is (he maximum facilitation attai1lQbl~ by a 'ing!", hr;.,f I}-HT ~ppl i"'tion_ So, fur t"~ PUT]""''''' 
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of this mod~l, the amhor will seled va/u"," o[ Rs.." and Is_ which produce a good lie (.0 Ihe 

dala of :331, fOT m=iIIlUlll strength US. Using a lrial and error proced""" Ihe following ,.alues 

",-ere found: Rs .. " = 0.42 )( 109 and Ts"", - 35Ck A gr~ph of the ""n,iliT.-alio<L pTO<h",ed hy 

thi' model in ""'ponse lo a maximum strength US is sho";]) in J:"igur~ llJ..12(t<1P). 

As mcncioned earli~r, Ih~ pTOe,"" of "pike broadening undeIlying ooIlllitbatlou of this reJlex 

has lilt.le ~ffect on hansmillco: rclca.sc wh~.n t.he sy])apse is nlrea.dy depressed [46[, Thrn it is 

necessary to modify t.he ,ens.ilization model (.0 I'elleel thiB. In (he reaisynapBe this ineffectiveness 

i, due w a lack of reJc,,,,able vesid~s, 1m' th~ IIl()(lt-l devt'lop .. d th1l" faT do." not =plicitly 

mpl'=nt Ih~ Imrc'IIlitler pool. Inslead, Ihis reduced ""nsllivily lo spike broadening while 

depre_d will Jx, 8£OO1.Ultcd for fly m()(lifying the J[J()(\el .. , Hlo".,., 

(10.1 5) 

WileI'e Huh" ill the vaIiahle repl"Cscnting hnhituation, T,.;:""d to the ,,'th po"'."CT. The choice 

of n determine" the ',w"I"'''''-'" of the cutoff, and a value of n = 10 WOS ch08en by (he author. 

Thi., choice was eslimatoo, "" th~ outhor w"" unohle to lind ony "p"':ific: dato ;u t.he litffl"atur~ 

dfflezibillg the relacionship between the deR'cc of depn:,,,ion and the ~fftd;yen.~", of ,.,nsitiza­

tion. The effeet of a. ,enslti"ing stimulus for depressox! and for =too model sy])al>"<'" is "hown 

in Figure 1lJ..12. 

10.6 Classical Conditioning 

Ci"",""") ",,,,litioning of cOO re1lc.~ w,," first reportoo in [2f, and w,," attributed to activity­

dep,m(\ent amplification of presynapclc fadlit.ation (ADP J:") in 41. Later cxpcriIllCJltaJ Vo'Ofk 

rel",a[",1 the ;m"Di ... "neut. of a 8eCO<l.d p.:ocess, namely Hebbian long-term potentiation (H-LTP) 

[5, 38, 641. Hoth of the", nLt,,,hanisms hl<ve been intl'Oduced in Chapt.cr 7.7. l'rDm a f1.Ulclional 

point o[ liew, both of th""" pI'O<'""",," aTe fairly stmightfo,:w8l"d. There are I:.o-.';"~AC I"" signif­

;cant oomplications , The first of th..".. lie" ;n dettmoining how t.he Iwo TOe<,hani,rn, int~ra.d:, 

while t.he 8eCOUd lies in separating t.he long- and shoTt_l~rro forro, of d""siC'a.l ,>:mdilioning 

Unfortunately, while altempling to amwer Ihe fiTSt of th~"" questions, pa.pen< whieh seemed 

to co])muiiet .a.eh other ",-ere discovered in the liliJralure , Thi. i" the .ubj""t of th~ foiio""ing 

n 
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Stolitlut",n ofRested 

, 

Sa ns! Iza ~<>Il of H~ikJ.to<j Si' napse 

Time ( . ) 

Fil'."'. lG-12. 'I"im<> COUIW <>f II", '"!In,''.b\~ S", ... i" '''"'V''''''' I.<:t ill",,;mum ,t:r""'I'.,h liS , ... K",,"r-
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subwction. 

10.6.1 Unravelling the Mechanism of Classical Conditioning 

The Contradiction 

In a rerent work [~] it is reported that 'conditioning of the siphon-withdrawal reflex is blocked 

by bath applie~tion of either the PKA2 lIlhibitor KT5720 or the NMDA rcccptor3 antagonist 

APV'. The .ignificruJ"" of this i. th",t PKA is requited fa! ADPF, while mmA roccptors pl",y 

a c!itical role in H-LTP. Tbuo the finding that either of lhese substances tlock CC alt~ether 

implies that the two mechanisms cannot fundioo independently. 

In contradiction to this, [38j reports that H- LTP w,," dicitod in '" reduced prepar",tion which 

invol,-ed no possible lIOurcc of ['-HT. Further contradiction comC!l from [31j, which UOiCll an iso­

lated cell culture EIIld producc. ADPF dC!lpitc the fact th",t tru, post.ynaptic matar neuran is 

hypcrpohorised below _80mV far Ihe purpose" of recording. This is significant because post­

synaptic depolarization is one of the requirements for H-LTP, "" hy>XTpoIa.rization bloch this 

mechanism. 

Two Forms of Cla.,1cal Conditiouing 

A poo.ible ""pla.natian fcoc these inconoistencies was provided by [74]. In this work ~hc ",uthors 

repoH two forms af activity-depcndrnt enhancement, 00t h of whiclJ l""t over 24 hou1'll. The first 

of Ihese, hrncclorth Form-l, i. induced by a single pairing of S-HT with a brief tetanus (20Hz, 

2 =nd~) ",nd i . sinrilar in magnitude omd duration to that prodUC<ld by four ",pplicMion. of 

S-HT alone, showing little decrement oyer 2400"",. The other, Fotm-2, i. induced by multiple 

pairings of 5-HT ~nd tetanus. The single moat imporl Elllt differencc between the two forms is 

that the aasoeiath'U component of Form-2 i. blocked by po:5l"yn~ptic hyperpolarizatian ("'hich 

i. knovO'll to block H-LTP), while FOlIn_l is I>Ot. Further information about the mechanisms 

of classical conditioning can be inferred from the experimental data presented. 'I"h1l data has 

I""", ext""'ted from the graphs in [74] and is 8UlIlIllarisod in tabl" 10.1. 

'Prat.in Kin_ A {PKA) .. oo'ivotod by <AMP "nd;' in,ol .. d in """)·n",,,ic I..,ili •• tio~. 
'N~!DA "'''<pton are a . peei/k 'YP" of ,1n'A"' ot" " "',,p_ ,,·hloh hoy. th" ruIo of d. .. cting oomoldon' P" ­

.,><1 "os"Yll"ptiC ..,'iyi.y. Th .. lhoy or. vit,l '0 ,toe pro,,,,, of H-LTP 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Training St imulus 30 min Test 24 hr 'Th5t 24 hr 'l""t (1,7 hyp i 
Ix Tetanus ~:xy, (assumed) 100% 100% (aI5s11II>!IC!j 
1 x f>-HT Unlrnown 105% ,00% 
1 x Pairing 150% (""sumed) '50% 150% 
4x Teta.nu, 100% 105% 105% (as, umed) 
4x[';.HT I.S0% 100% '50% 
.. x Pairing '50% 185% 150% 

'Thble 10.1: EHect , of repetition and of L 7 hyperpoiaruation On the on ..... of facilitation 

The !irst Ihing to "b"en"" hom thi, data i, that, lUi mentioned, only Form_2 condit ioning i, 

blocked by L7 hyperpolarization . The next point is that at 30 minutes poIlt Iraining, the f~cili­

t .. lion prodl1ced by 4 x 5-HT .. nd hy 1X P"iring are identical, and that the furth~r assoc:ia.tive 

enhancemenl only kicks in over the nexl 24 hou".. In addition, hyperpolaxization of 1,7 during 

training redu",," th~ 24 hour poot-Iest for 4x Pairing to the same level M for 4 x 5-HT. This 

strongly Sl1gget<t8 that the further 35% <mliancem"nt i., attribut"hle to H-LTP. 

It seems reasonable 10 assume Ihat the enh""""menl prodl1ced by I x Pairing i, pre.ynaptic 

(a., it i, not affected by L7 hy!"",pol""iz"tion) and th~refo", thaI full focililation is presenl al 

30 minu"" pO'll lIaining, M for .. x v-HT. It oIso .ee!ll, re"""nable t.o .... " 'me th"t 1 x Pairing 

i, unlikely to produce m<>re foc:ilit"tioo lhan 4x P~iring ~t t he 3(}-minule P<l8l-tesl. Thl1' in 

Ihe absence of dala, a "..Iue of 150% for the Ix Pairing 3O-rninutc post-test willI-", assumed. 

In light of thi, al<'ll1mption, and til<' "bovemenlionoo observations, the following seem., a rea.'I(lJl_ 

able explan~lion: The facilitation o\wl,.,,"e<! at the 3O-minute pnst_test is produced by presynap.­

tic mecl"mislill< involving cAMP. This presynaptic facilitation has a maximum of 150% fm the 

t>-HT COIlcentration used, which c~n I-", adJie...,J by four a.pplica.lioos of oorolonin, However, 

whil~ p",jring these "pplic"Uons with lelanus doe>l not produce greater pre.}~l"ptic facilitation, 

it does inc""",", 11", efficiency of the """otonin, allowing" single pairing \0 have the Sal:OO ef_ 

fecI as fOUI applicaUo"" of ii-lIT aione. Fbr a ';ug]e pairing, postsyna.ptic mechaniSlllil ~re not 

recruited '"" I'D fllrtl= f3Cilitalion occur. . In the case of multiple pairing:., howe""r, there ;., 

a further .... "<Ociative "nhanc=enl due to H-LTP which ooLs in over the next 24 hoUT' and is 

hlocked by L7 hYp<'fpo\""iza.tion during training, 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Evaluation of the Hypothesis 

lIaving developed this tJ,eory ba...,d on [74] alone, a good test of it. validity will be hew well it 

""pl";M the incouaiBl.encieo ment.ioned at the begnmiug of this subseclion. In [~ it was reported 

that pootsyn8ptic awlication of tbe l\'MDA recept.o< antagonist APY (whieh blocks H-Ll'P) 

block:!! the associative enhancement. However, this work uaes a training protocol COIlIli.ting of 

thrro scts of foUl" pairings each, and is hence oompo;r .. ble 10 FOrm-2 conditioning, which does 

r"'luire H-LTP. Another observation i$ that this ",<><k also shows facilitation to 15U% of control 

for lhe first ""t 0{ pairings. On tbe other hand, [31] produc"," "" .... ociali,.., enhancement 

d""pile post.liynaplk hyperpolarizfttion, but this work uses ft trftining protocol involving only a 

single prellentation of the stimulus, as in Form-l, so this is also OOIIIlistent with the theory. 

In [38], H-r:rp is ind1.lCCd in .. preparation involving no ""'Olonin and hence no ADPF. While 

this doco no1; diTectly contradict the prq>Olled theory, having made no prediction as to whether 

H"LTP can cri>t alone, t.here i; an inconoislency in terms of onset of LTP. This work .hows 

~a1: facilitation at the lI) .. minut., poot-tell!, in the absence of ADPF, while [UI ahows no sign 

of H .. LTP at the 30-minute post-tes(. A poosible "",planation for this is that the rate of on,.,t, 

as ",ell as the magnitude, ofH .. LTP could depend on the nature of the Iraining. Specifically, the 

requirement for p'-"'t~yjjaptic depolarization is unlikely to be bino.ry. In [38], the US is "strong 

jXIIltsyn .. ptk depolarization tI , while in both [~ and [74] the poot.ynaptic nelll"Ull i. "nalurwly" 

depolarized by prcoynaptic ""tivity. While the degree of depolarization in [38] is not reported, 

it could well ha"" bt;"n significantly stronger than in either of the other wmks. In fact, this 

thoory helps explain the fact that [~] docs no\. show any significant """'ociati"" enh>m()e~nt 

when ADPF is blocked. In oontrol e,,~;ment~, the fi,-,t pr_ntation 0{ the training "timuius 

leads to significant facili tation of the synapoo. Thua, the follo1\ing siphon tap "ill 1""" to 

gro .. ter po;tsynaptic depolari,atiOll which in turn will facilitat., the induction of H-LTP. ,Vhen 

ADPF is bloci<cd, there is no initial facilit ation"" ...,hsequent pr=t"Jion' do not lead to 

greftter jXIIltsynaptic depoiariLation. Rather the postsynaptic response declines, as a result of 

habituation to the CS. So while H .. L TP ca.u he indu""",, ..lone, it inter",:\> with ADPF indirectly 

through the latter's ability to enhance the jXIIltsyn .. ptic dcpoIariza.tion required fOT the former. 
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In Conclusion 

While the theory presented above is unlikely to be cntirdy corroct, it doe, .""m to explain 

""me of the peculiarities of classical. conditioning. The distinction between Form_! and Form_2 

conditioning is aloo useful, "" it had not been po,,,ible to define long- and shLTt-term rorms of 

cl ... sical conditioning. While hoth forms last O\'CI 24 hours, Form- I i, likely to be ,horter l,..,ting 

than FLTm-2, ""' it doc, not in,ulve LTP. There i, abo a .imilar dependence on the number 

of trainlng presentations, and a difference in the underlying roochani8Ill. Sin,"" the stope of 

this work has boon limit<od to the short-term component of pI,..,licity, the model of elas,ieal 

COIlditioning will be r ... tricted to Form_I, and hence will only incorporate ADPF. 

10.0.2 ModcHing Fbrm-l Classical Conditioning 

The mechanism of ADP F h"" boon fairly well nnderstood for ""me time [41] [""" :73] fur review], 

and wa, deSttibed in Chapter 7.7. To recap brielly, CS presentation (siphon t~p or S:;.r stimu­

lation) results in temporarily c!c,"at<od C02- in the prCllynaptic wrminal. If the US is pr=nted 

jnst after the CS, the elevated C,,2+ level interact. wilh the serotonin so as to enhance cAMP 

synthesis, leading to greater activation of PKA and hence greater i&cilitation. Thus the fust 

step in modelling this prooos, is to characterize the Ca'+ huildup re,ulting from ~ tctanm. 

According to [WI the Ca"+ concenuation builds up during the tetanus, reaching its peak 

ju.t afu,r the t.etanm end •. The C"H concentrll.tion then deca.y, hll.Ck to h,..""line with" double 

exponential time course and time constant, Toa, of aoout 3(J seconds. There must. ho .. :ever, 

be ~ maximum Mtain~bk COIlccntrMion, COM"",. With continood t<otauic stimulation thc Ca2+ 

OOIlcentration will approodJ. 1I11. limit. The numeric " .. 111<0 of this maximum ""n""nt.rll.tion i, not 

significant to this model, 00 COM." = 1 will be used, and 0 ,,; Ca':;; 1. Classical conditioning is 

moxhnal when the OS prece<b the US by approxim~tdy [>OOms [42]. While the real rooc.hani,m 

m~y include oome intermediate messenger through which Ca2+ and ~-HT interact, thi. model 

will ",",ume that they interact directly. 

Let us ""sume that the calcium concentration exerts its effect on cAMP ,ynthes.;' only at 

the time of ~-IIT release. WIllie till,;, unlikely to be the c .. '" in reality, it doe, ,implify tbe 

model. Then the model calcium conccrttr~tion must he at "m(lJ[imum "pproximatcly half a 

second afkr the onset of the tetanus. 
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The first step i., to IIl(){Jt.l the cslciwn curreIIt, leo. cIt> ,,"void eXCOSM"" complexity, some 

5implif:;~ug .saumptions will i)<, m;L(\<,: 

I. E",:h AP results in o. squa.:re 1'111....: with magnitude Ic: •• U, which will he del.ermined later, 

and durat;oll Ic:.D, In [GS], the ,,"uthors investig:,,"\p tl", dur .. tioll of e~leium emreIII ill 

lleurons taken from chick ~mbr)'<'" ~ml liml Ih"t lOr >dow APs, the Ca21 current begins 

a.·1ms aft~r the AP peak and ends jnat after the potential ",1m", to h""eliIIe, it is liknly 

that Ie" in Apiysla will lon-" " ,imibr time course due to lhe general con8en'alion of 

nmmlIlal m""hanisma. Based on the troc~s of LE DOUroll AP, I'r"""nted ill [45] the lime 

from peak to ba.",line i, ""ti",,,kd "I Vims. Thll8 h,.D = 2,5m". 

~ Current pulse. will Il<'ver oyerl"l'. It i, irnpo.sible \0 elicit .. second AP belOre the firat is 

oyer and Ie:. puloos do not outlaot the AP. In the IlMKlel .. telanu, i., ,,:;0117. ,pike Imin, 

In light of th""" "",uTTlplion.., we can define the calcium current lIS follows: 

if (t 

ic,.( x)]; 11".D 

Where t.p." are the firing: ti""" of the p"'-'<ynaptic lleUl'On. A value of Ie:. M 

(10.16) 

wa« cho",n. The ca!eiuIO concenlralion at any given tim" is depend""t on th~ calcium current 

and i, !':i,-ml by: 

CeLM= - GeL 
[Ie:~ C - 2, CallTeo 

eLM""" 
(lO.I7) 

Where leo is given by d", pre,-iou, e<[uation. 'fCo = :lO" i, the lime ""l.,l1Wt "'~ntion"d pm­

viousl v and Ca is the v,,"rio.ble repr"",,ntin~ the CeLH mn<"lltratioll, The ,,,kium «ll}"elltmtion 

reO'11lling from a brief tetanus is shov.'Il in Figure Io.-J~. 

D,'ief application of 5-HT slone ur tetanic stimuhtion alan" both lead to o. aimn",' degree 

of ,IK,.-t_Iasting facilitalion, 1.0 aooul 130% and n-;% ur control respectively [31:. Pairing 

the stimuli pr<KIlJ(:~.' b:ilitll.lioll ,,~th .. peak magnitude roughly "qual to the ,urn of the t.m 

83 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Figure W-13: Relaliv~ C,,~" oonceillralion (black) r~oul(ing from a 2 ""cond. 50 H, (e(anus 
(,ed) "" ,klmmin"d by th~ ",(Xld. 
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compoaent.ll [13[ bul much longer ""'ting. However, PO"t-tet~nic potentiation .. not within thE 

scope of this work"" the important feature to model is the extended duration of f""ilitation. 

The data of [74J (reproduced in 10.1) sugg""t. that there is no significlI.Ilt decrement in the 

facilitation over 24 hour~. On the other hand, [31] claims that the =ciative facilitation shows 

no significant decrement over 20 minutes, while [13] report.ll that a pairing produced '),u'ger 

facilitation thAt l""ted)- 30 min'. It is difflcnlt to draw conclusions from such varied results, 

particulaxly considering that all tlmle works useJ the sarne preparation, consisting of an L7 

motor neuron co-cultured with two pleU1al ganglion med",nor=poor neuron:!. All three wor105 

use R 20Hz, 2:! tetanus as the CS, and ex0gen<>u:5 5-H'r application (lOILM in [31] lind 5iJILM 

in the other two works) "" the US and all three use R protocol with a single p&iring. The 

oniy apparent difference in the prot<><::<>1:5 i~ that [74] haJS a 3--mmUle delay between wash-in and 

wash-out of serotonin, while [13] and [~1] u.-.e delays of < I}(); and 308 ,""pectively. Acco<ding to 

[62] the serotonin con""ntration resulting from strong taU nerve stimulation retW"IIil to b_1illil 

within about 40. of the end of stimulation, 00 the exposure dW"Rtions used by [13] and [31] "'" 

more realistic than thaI of [74]. If these three works are anything to go by, it ""em. that the 

dU1alion of Ihe lIS8O<:ialh.., f~lit"tion i. related to the duration of 5-H'r "ppHc"tion. In this 

IllOd<ll, serotonin;" relearecl in re"ponse to P9 stimulation and dissipates within 60 ooconds, 

R sIInilar time course to th"t in [13J. Th avoid eJi:CffiSive complexity, the anthor has ch"""n 

not to model the proposed ,elatioUllhip between dU1ation of serotonin p,..,..,n"" and duration of 

facilitation. inst""d, the modelled ADPF will have ~imilar duration to that reportoo in [13]. 

Because tm.. model dOES not include PTP, the only differ-en""" hetwren sensitization a.nd 

coOOitioning are the requirement of the laU,,< OIl jl<esynaptic C"H, and thE diHerenc<l in du­

ration. Equation 10.10 char"",,,,i,,,,,, the oorotonin concentration resulting from th~ US. Let Ill! 

introdu"" another ,,,,riable ",hid! will represent the oombined presence of CalciUIll and .. rotonin 

lIS IDIIows: 

if (I (10.18) 



Univ
ers

ity
 of

  C
ap

e T
ow

n

d5HT 

" 
5HT Ca 

(10,19) 

'Vhere 51IT Ca re)llments lhe serotorun concentratlOll scalod by the rclan"" ClI.H con­

centration (variable Ca) at tha time of US prc,",ntation. The other variables are the ""HI" "-, in 

equation 10.10. Next, we introduce a variahle called CC, reprrnoenting the """"ciar;'., enhance­

ment oJ ADPF, which is governed by equations of the slIllie form"" for scru;itization (equation 

10,15) except driven by 5HT _ Ca "" folio".,., 

""c T = [Habn (MIT Ca Rs..,. ) + (CCo - CC) T5',~.ITec[!T5"~' (10.20) 

Where CCo = 1 is the steftdy st ate "alue of CC, Tee is a time coru;\am controlling the rat~ 

of recovery from COIlditiorllng MId the other variabb aTe the . arne "-, Iho"" in 10.15, Note t.hat 

Ih" o=t of CC i. scaled by T&,,, hut the tate of recovery depends on Teo. the value of which 

is ""timatoo from [13[ to be 60 minutes (Tee = 3600 soo:>nd.)_ The next que.tion i. what to do 

with Lh~ variahle CC. ADPF i>l "" exte=iUll to I.he llillClu>.u.isw of SCllsitiza!ion, >lO rather than 

all=ing: CC t.o diroctly affect. the PSC it "ill be a<:t via S~n,. _ A .imple bnt effecti"" rolntion 

i. to us<o CC "" the ,t~ady "tate val"e of Se",., namely SenSq. We do this hy adapting eq11ation 

10,15 as follows: 

(10.21) 

'Vhere the only modification was to repl""" SenSq _ I with the .. eW variahl.e CC, 00 that 

Sens;;' CC. Thus if, at the time of US onset, Ca = 0.5 then Sens will initially be larger than 

CC, but a., S~n. hegins to docay (fllster than CC doe<) it only gO'" "" fu a., it., new b....,I;"" , 

namely CC. This rathe, confusing situation is illust,ated in Figure 10-14. In most classical 

conditioning scenarios, the presynaptic calcium COIlcentratioo will be very close to maximum 

when the US occurs. In th""" ea.es, IoHT _c. will he virtu~lly identical to hHT lI,nd "" ~ ,,,,ult 

S~M will not be noticeably larger than CC. This will result in SffiS simply tracking the tima 

course of ce. The time course of modelled f~cllitation resulting from paired and unpaired 

p'''''''ntation of the CS and US is ,hown in Figure 10-15. The CS is" ls, 5()II7. t etanus ,,·hich 

is fou.:...cd (O.&! later for paired training: or 50s later for unpairoo training) by a US of 25% 
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, .' 

Figure lQ.14: Time oourro of variables Sen, (blue) and CC (black) in response 10 paired 
otimulation a\ t = O. The tetanus llOOd was unusually short "'" that, at the time of US 0Il8et, 

Co. '" 0.6. 

"tr=gth, "" deocribed in ""ctiOll 9.~. 

10.7 The COlllpletp synapse lllodel 

The model dcvdopcd owr the OXIOU"" of thia chapter is reproduced hel"e in it.!; entirety. The 

~quations describing the model can he ~()uped inw t,,~) elas",,". The first of the .. is the group 

of DEll which govern the evolution of the va:riabJ...<_ They are, 

(10.11) 

"<5~H~T~C"O - <it =/oHT c. -
5HT Ca 

(10.19) 
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• 

FigUl'" 10-15; Pain'.l tnli.ni~ r"""It, in t.he y",:iabl" CC (Ll",:Jr) kill!,: driven 1l~"Tly a, hi!,:" 
"" Sen, (blue) <Yld then prolongill!,: th~ durat.ion of Sen" Unpair0d \n<inirrg, ",hcr~ tbe us 
ft~l()w, t.he G~ hy 6&, ",",,,It., ill CC (Tod) Il~V"" ieav;uj\ hle,diue. Whil~ Son .• ("'''Rema) j , 

initially rum""t as high as fur paired (rairriug, it dieo "way much fasteT. 

dHab 

" 

d5HT ',HT 
-- =hlIT---

dl Tw1' 
(lO.ll) 

(10,12) 

(10.13) 

(iO,8) 
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dS_~_"_~ = [Habn. (~llT. Rs.",,) + (CG _ Sen.l]/TS,n. 

dCC = [Hab" _ (5HT _ Ca - R,I",n.) + (CGo - CC)· Ts.",,/TcclITs-. 

" 
dPse ----at = (-PSC)/(Tpso -Sons) 

(1O.21) 

(1O.20) 

(1O.22) 

The =lId group deoctibet! the response of the model to CS and US spike"_ These 'equa­

tion" ' are ill the form of pseudocode statements. If the oondition or condit;,,1lS of the if () 

then statmnent. lUe met, Ihel1 the lines of rode ~'ithin the braclretll { } ale executed once in 

sequence. These equ~lioll8 are the ""urce of di""ont;"ultie. in the lime courses of Ihe variables 

if (t tus ",,,,,l then { 

IWT(x) 1:+I· ~"D 

hHT c.("ll:+lIlITD 

if (I _ t'pi.O<l and (ISI",,~.;; lSI.;; 181", .. ) lhen{ 

Hab=Hab·t:.H 
;\ - 1 1 

(-- )-I-lS[·(-) } 
,\ A 

if (t t.pI") til"" { 

PSC PSG+PSCo-Hab 

Ic.M ) 

(1O.1O) 

(to.18) 

(10_9) 

(1O.23) 

(10.16) 

The various constants which feature in these equations are presented in Ta.ble 10.2. The 
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Variable Value Variable Value 
M O_ ~'-J " W 
A '" PS,," 2nA 

C~" , Rs"" 0.42 x 1 n 
~ 

c " 
, 

T'H'r 8. 
Dtlratjon~H'J' , Tc~ "" llabo , Tcc 3600s 
hH1:'." -lDnM. ' Tv..".,. O.S", 
Ic.D 2.5ma TInt ............. T, 
fCo M W TpsC S= 
lSI"""," 110- T&" 3S~ 

lSIrnjn " 
Table 10.2: Valu"," for th<o constants in the ",,'M""" model 

equations presented here, combined with the sinlple model neuIOII8 as de""riOOd in chapter 

9 COIIStitute the author's model of the GSWR- The 1>1atLab code written by the author to 

implement t'-e equations i. included in Appendi", A. An "vMllation of its •. !:curacy and 

realism is pr_nted in the following chapter. 

00 
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Chapter 11 

Model Evaluation 

Il i, lhe aim of this chapter to evaluate the validity oJ. the author'a. model. Hov .. "ver, a rigarou. 

verification is not poosible for two primMY reasons. The fir,t is the lack of a ooucilm",:k with 

which to oompare the model. The exp<'rimental d .. ta in the litemlure is inoon. isten\ in its detail, 

meaning that there i. no . iugle ideal ClIloe. The """"ud reason is that models in neurosci .. nce 

are never oomplete. Thi. issue was discussed in {he context of neuron models in Chapter 2. 

Probably the two best known neuron models flIe the Hodgkin Huxley (HH) equations and the 

Leaky Integrate-~nd-Fire (LlF) model, and even the fonner is an approximation. While the 

liB model oom ... rdatively cJo"e to reality, producing fairly ",ali. tic membrane beh"viour. the 

far . imp)"" LIF model;" "till considered a valid appraximalion to neural functioning. 

The author's synapse model lies SOOl()wherc between the 1111 and LlF models on a scaie of 

oompl~"ity. While not directly modelling ion channel dynamiC!< ("" the 1111 n:;ocl,el dOffi) it doe. 

not simplify to the same degree as {he LIP model. ThU8 this model will be considered valid 

if it reproo"llCCS the broodscalc featuro'l of the real . ynap ... Thi. evaJu"lion is "plit into fonr 

ooclions; ooe k>r each of the {illee forma of plastkity it includes, and a fourth dealing with the 

model as ~ whole. 

11.1 Rynlllnting Hnbitllfltion 

In Section 10.4 it waB decided that the ~ion of habituation (M a function of stimulus 

number) .hould be independe-nt of lSI. It WHS also decided th"t the rate of recovery should be 

" 
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dependent on 151, but in Il. .impl~, linear f"''';(][l. Figure 11-1 shows the rCBpouse of the model 

to hll.bituation training consiBting of ten triaIB at an 151 of 3, 10, 30 or 100.. A. cll.n be """"' , 

habituation tends to a limit of 50% of EPSPI for a.ll 151, u...:i. Thi. , ... lue i, approxilllil.tely tllll.! 

r~ported in [16) lor 151. of 3, 10 and 3(1,;. AI"" evid""t from Ih""" plot" is 11", "I"""r " ,mvery of 

synapses trained with longer ISIs. SpontaneD\lli recovery from habituation is shown in Figure 

11-2 (left), and h M a lime mur"" simn,.,. to that reported in [69), 

10 ., ' 

~ U.e, 

i"J 
~ 
~ " 'I 

'\ 
" • 

,,~ 

IS'" ", 

• 

.-..-. ! 
.~ 

· ---,--oc-c_ , 10 

1" c 
.. r .o • 
• ,0.4 , 
~J .-' , 

131 _ "", 

~ 0' ---~----~~ 
,- 0 'J 

'·'''"Ul., tl'.'m" 

1<1_10. 

, , ~ ... J 
o , 

c.f-------cc------~ •• c---~ 

31 _ 10< _ 

•• f-------,.--------, •• c---~ 

F;"";me 11_1: Habi!lU>';OIl and recover,- for traiIl;Ilg 1St, of 3, 10, 30 and )00". The two post 
wst. (stimuli 11 and 12) are at 811 lSI of 125/l, CS strength _ 4g.rmn-2. 

Thi. mcxld', main flaw is that, due to the imposition of a minimum and maJcimum deere-

menting lSI, th~re is a <ltdden jump from full habituation to zero habituation as tbe lSI cro;;oos 

these limits. This behaviour is obviously unreaJ.istic atld unde";rable. While there i. cert..inly 

room for improvement, it i" the author's opitlKx:t that thi< habiltlll.!km nlOd.-l does reproduce 

many 01 the btoll.dscale fell.tur"" exhibited by hahitull.tion of ,he real.ynapse_ 
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Figure 11_2: Spontaneous rocovcry from habituation (to .timuli) with rest (left) md di.<Jhabit­
nation (right). Training lSI _ 1008 and the pool tests am at £\1l lSI of 12~ in bolh """e._ The 
US is pcesented 55 afler stimulus iO (right). CS strength _ 4g.mm-·, US strength - ~, 
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11.2 Evaluation of Dbhabituatioll and S()n~ith:ati()n 

The elled d a <l.bhabilualing "liIllulU8 i" ilhown in Figure 11_2 (right), and Fi!\ure 11-3 (left) 

for stimuli of W% and 2~r, slrenglh re"pedively. The re8poll>l8 quickly ret.llrns to haseline, hm 

is not signific..ntly facilitated. A5 mentioned in Section 10.5.2, little is known aboo! Ihe specific 

time coorse of d1shabilualion, bul comparison with Figure 11_4 (A) (taken from [67]) 8llfJ:=ts 

that the mode) j5 quite <lCCllratc. 

Figllre 11-3, Hahllu&lNm with a 3(ls lSI 100l",,,ed by a 25r, !Jtrenglh dishabilualing US, pre.senttod 
55 rutcr stimulus 10 (lefl). Ten "liwuli at a non-docrcmcming lSI of 15()" followed hy a 25% 
strength di""ahituating US, presented 5s after stimlliw. 11} (ri""'t). lSI for the Ihree post tesl" 
is 1258 in hoth cases. 

The re.sj>Oll8e of the model to scnsilizatioo is ilJuslra!ed in Figure 11-3 (righl). Again there 

is the problem 01 a l~ck of 8pocific data about the lime course of """"iti7.~tio.!l., hllt if the model 

output i. eornpa.rcd with 11-4 (E) (1.aken from [67]), the similarity i~ jmmodiatcly evidenl . 
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A B 

'"1 
,.1 

Non-
D~ r ... r."l100 D<>c""mpr'~ ~ 
(1:>1 - 1 J ,;,,~} (ISI";3 ,,(,' 

• 

~ " , ,. ,. 
<> 

" • 
" 

,C=f~ • ,. .. -. I •• ...... - . 0 
-,-:0 , , I , 

:1 
, 
" , 

I I " -~ 
, 

'" • , , , • • • 
Figure 11-1, Cellula! an~log of di:sh"bituation (A) and :.ensitil:ll.tion (3), taken from [67]. The 
time of US presentation is indicated by the arrow •. 
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In s..:l iOll. 8.1, il was decided Ihat Ihi" model would"",,): to reproduce only too mort-t erm 

forms of the JXasticity nuder investigation. Since a requirem<lnt for oonve",ion to 10ng_l<:Tm 

memory is l'epetition. the author h,," thus far =<uII>ed only" single p"""""-t,,tion of 100 US. 

'rlte effect of rcpeated """"ilizing olimuli on the model musl now be investigat.ed. To thi, 

end, Figure 11-5 (left) show" Ihe <:fIed of three US "",senlati01l.'l in short succe",ion. M 

can be """n, the w:ilitation builds np over lhe tilloo stimuli. Hovo'''''-"", lhi, ",,,umulalion i, 

not rePT""entftl ive of long-term sensitization, "" the duy"lion of wilit"lion is not significantly 

aff",ted. To more accmatd y ",prooue>: the PToWitl-,ynthesis-indepen<ient process of mOIt-term 

sensitization, it .. ,.ould be n<l<""=y to impoae oome limit on th<l value 0( S~n" IepT""""ting the 

maximal elIec! of spike broadening on transmitter Ieiea",,_ Aparl fmm this problem, the model 

reproduces the broadsc .. le, qualil"tive featur"" c:J. dishabituation and short-term "", .. ,ili,,,lion 

wilh "salisfadory degroo 0( realism. 

11.3 EVfllnntion of Classical Conditioning 

In kf,eping ... ·ilh Ihe de<:i.,ion 10 mooel only short-term pla:sbcity, it W,," decided in Section 10.6 

Ihat only "Form_l ' conditioning would be included in this .node!. Thu., the actual proce8ll 

being modelloo is ADPF_ II was also decided in Section 10.6 that the elIect 0( pairing the CS 

and US should primaIily be to increase th<l duration (ratoor than the magnitudo) of fadlilaliotL 

FiguNl1-6 sho".,. too tiIll<l oour.., of facilitation r""ullin!> from a single US presentation, either 

unpaired (lefl) or paiTed (right) with the es. As can be.s<>l3ll, the duration of facilitation i., 

suhllt"-'1tially greater for pairoo stimuli. FigUIe 11-7 shows tiJ<, <:fIeet of the relative timing 

between es and US on condit ioning_ '1'illrre i" a reasonable degree of temporal speclficity, 

pa:rlieulaIly for delays ,horl"" llian lhe optimum of 0.5Il. For longer delays howm", (Fig\lre 

11-7, bottom right) the dcgroo 0( specificity d<opends on tho dUIation of the es. The mocI<llled 

C,,'~ con<:enhalion re",:oo, near maximum within 0.5" of CS onoot. If. hO'.;m"" a long es iI; 

u""d, Ihe Ca2+ cone_nation will be near maximum from 0.58 afUlr CS onoot until jusl after es 
offoot . Conditioning will be near maximum if too US is pres<mted at any point in this window, 

redueing the temporal specificity. ForlUnately, the output trains prooocoo by rea.! LE neuron~ 

[35] and the mooel LE neuro"" preoonted in Section 9.1, in responoo to a single CS are both 
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"" • • "" , • • S' ... 'us Num • • , 

Figure ll-~: Multiple prC>Cllt"tions of cit",", unpaired (ld't) or pair...! (right) CS and US. An lSI 
of 12~0 was m.od throughout in both c"""", The protocol consj,.t...! of 3 training trials follm.....d 
by 5 post [""Is. For unpaired training (oonsitizmion) the US was pr=tod 60s after the es. 
For pairod training (conditioning) the US follm.....d 0.50 after the OS. CS strength _ 4g.mm-· 
and US strength _ 100% in both cases, 
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less than Is in duration , 

p" " , (""" t,,,,-.) . , 

• I ~ . , • 
• I , 

J 
• i 0,'_ 

• • • • stlmuJ,.,Num'" 

Figur~ 11-6: Time "uur.'" of facilitalioll r"'lOlli ng from" ..ingle pre_"""tation of US, eith~r nn_ 
paired (left) or paired (righ<) with the es. lSI = 180s and es strength = 4g,mm-2. The US is 
pr=tcd either 90s (unpairod) or 0.5s (pairod) after thc first es and is W% strength in both 
cHSe!I. 

Figure 11-5 (righ\) , 11Ow" the efTect of multiple eS!US pairings. As diacussed in S<>otion 

10.6, Thrm-l conditioning is by definition the product of" single pairing. Thcrefore thc fuet 

that facilitaticm builds up "ith rcpeated pairing, is undesirahle in this modeL 

a is the author's opinion that, while being significantly limited in its scope, the model of 

classical conditioning prcsented in this ,,-ark rcvroduces well the ""sociativc facilitation rco;ulting: 

from" single CS!US pairing. 

"" 
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US"' .y_<lO, 
"" "' '''_ 0< 

;; 1 ~ I- " /~ I • 
.0' " 
I" " 
!" " 
~ 0 2 '0 , 

0 0 
0 , • , 0 , • , 

US "' .y- O.O, US "'.y- 1> , , , 
" / 

• 
1'° " • • 

I" " 
" " , 

", 0 , • , 0 , • , 
st;",, ~, ""'"'" "",""" ""'''''' 

FigUT~ 11-7' Cff"", of CSiUS ~ijjjillg Oll wlltlili<!jjjll~, Ca~ shuwn alO : US prccc'(\c; CS by 
0.'''' (tlda)' ~ -O.J); US prescm~d nt "-UllO time n< CS (dol"y = I)s); US foll()".,. 0.& "fl~T CS 
(dd,), = 0,5,); US f()ll,m', 1. "ft~T CS ·~delay _ b) Traillill,g '" [ollowe<l b)' 5 I'0'~ ll'Slo, ISI_ 
Ii>(};, CS "~rellg~h _ HJg,mm ~ "lid US ""rcngth = 00')(, in nll C'~"'_<, 
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11.4 Evaluating the Complete Synapse I\lodel 

The simple models used for the LE and LFS IleUrOnS are sufficient for reproducing eXp""imcn\. 

involdng reduced preparation. of {he monosynaptic GSWR, in ,",hich the output i. a mp"","ured 

EPSP in the mowr Il<JUI'On and the input is chosen 1<> ptcxh1<;" ~ .pecific LE "pike tra.in. More 

detailed mode], of th""e two ne<Uotlil would lIlmost certllinly be compatible wilh Ihe synapse 

model in this work. The US pilth"'ay is not mOclelled Wilh much realism, and is better .uited 

to repreoonting exogenoUl' 5 - HT applica.tion th~n tel"""" in Iespon"" to tail .lirul1htioll. 

The ",npha"iB of lhis ,",urk is on the SN-MK synftpse and lhe plasticity which it exhibit., 

so the modd "YImp"" i. the most significant oomponent. The bMic role of the syna""" iB 

ooIlvetting pte"yn~ptic 'pike; into PSC •. The Btructme of this PSC {discussed in Section 1O.3}, 

when integrated by Ihe model motor neuron, r""ult. in a?SP that do..,ly r~bl"" that of a 

real LFS EPSP {Figute 11).4}. The clociBion to apply h~hitl1alklIl and oonsili~ftlion '" different 

components of the PSC (Section 1O.1) Mds to the realism of the model, but is IOO5tly coometic 

as both PSCo' HaJJ "'ld Tpsc Sen .• linearly ~ffect the EPSP at"", except fot SenB <t:: O. IL 

W,," decided in S .... -tion 10.1 t hat habill1a.tiotl ',ml1ld be ~pplied to t~te-ot·ri"" (ROR.) of Ihe 

PSP, while sensitization would be ftppliad to time-to--peak (TTP). Figure 1J-8 show" Ihree 

representative PSPs for sensitized, habituatod and control "yna~,.s, in which the effoct. on 

ROR. and TIP CIIJl be """". 

The models of habituation, dishftbituation, oonsitization and ciassicft l conditioning have bocn 

diSCI",,.,..J inoopenOOntly in the p<",iou., thr"" ...,.;tions. Hov."",w, the int"'a(.iiotls bel",,,,,, tit""" 

processes ml1"1 ~190 be considered. Figure 11·9 (left) sl"",;" hahi,uation of a senBiliM synapse. 

The onset of habituation is ooroowhat "t""per, as it i'l occentnated ~ oensitization wearing off, 

When the h~bitu~tin.o; . limul"" "toP" and is replamd hy a non·decrementing rSI, t.he "",,!'On,., 

recoV<lrs to aboyc baseline, as the sensiti.fttion time consla.nl i'l {he ionger of the lwo, This would 

not ha"" been !'O""ihlc if" .inl\lc vati~hle h"" been l100d 10 Iep""",nl the oombined effecls of both 

pro""s"",. The author was unable to find experimental datft with a similar protocol, but this 

;,. likely 10 be oorre<;t. "" the mechan;"m. of h"bituation and _,"iti.~tioIl Me independent (""" 

Soct1ons 7.~ and 7.6), A s.imilar situation occurs when habituation;" p<C<Xl<Jed by oonditioning. 

as shown in Figure 11-9 (right), The interaction between the 8epilraw mochanisms docs not oocm 

to inltoduce "ny unexpected hehft\·iour. As" result ofl1Bitlg sepata,e vMiabl"" for habituation, 
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MOIlOlynaplic EPSP 

> 

Fil';me 11_8: PSP, &ll pHxlureJ by the model in n:llpoll8<: to .. single p ... o,yuaptic "pik~, fOT ,,,,,ttl<! 
(blad), Sllllllitizoo (red) 01' h~hitll"tect (hi",,) 'yn~1""" "or .• til~ ion!("T TIP for ti'>f, ... n._jtized 
ca.>e a.IJd the l_r ROR for the hnbitua(.ed case. 

w. 
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,."n,iti7"lioll and cOlldi(ioni~, ,he "yna.p"" "~ll exhibit fairly rich behaviour. 1'hi, i, I",,,,,,,,,, 

th~ , ynap"" effi"ieDq' depends in a ",mple>: wav OIl """""alulJ(ledyillg pr"""sses. ThU" mOI~ 

information is ' lor('(\ in the ,yna.p "'" than i, Tepreoon(oo by its elllci~DC}' a.lone. 

8.",.,,_, " .... , (lSI' 30) CC 1.11_4 'y H •• a l l-"") 

, 

t \ " • 
~ 

1 
! 
:. 'f' • 
"' "' 

Figuoo 11-9, Habitllalion of a oynapoc (hal ha, r=iwd ~ither , en"itizar.ion (kit) or conditioning 
(right). In th~ CO"" of ""n,iti"I.t.~"', the PTer.e>;t i, folh""",rl !J.[}< lateT hy Ihe US. III tl,., ,,, .. '" (If 
'"HlnitioniI% Ih" U~ i, presellteJ 0 .. ';0 after Ihe prelesl. Habiluation (raining begins 12", ar",r 
the pre""t in both CO""' ann a 3!}< lSI i, ,,,.,,n. 'I1,~ tIm", ]~'"t t~,t, are ]H'""eutM with all lSI 
of 12.",. C~ ,trenglh _ 4g.mm-'. US 'lrenglh = 1000/<:. 
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n.... UJ,HlJ' .. ::'."'U the synapse v<uua"c;u its some "V~'LU,'L CCJn{:lU~!lOllS 

can be 

• is a success, the short term compo-

nents of uaunua,y,v, .. , sensitization 

• to the the u""""",vu to maintain 

for each of the three processes was ae][1IlllteJlY correct. Not is it nun".."",,,,,, 

it allows the synapse to vAl."U" 

the prel,ent 

• The decision to 

to the realism 

the onraT.lon 

Ut::JL U~'U" unnecessary. 

~"""-'.Y to have a slgrunlcaJnt 

is very short CUlnuan~ to the time scale of 

uaun,uQ.",U'U and sensitization to UI,u,"'LC;H 

necessary as both have the same area. 

variables 

a 

it does 

because 

was not 

• In terlllS and "u; •• 1:", ...... the model in its state leaJns 

• 

towards realism. for a smlplc~r 

TPtrn<.n", .. t. the prElseIlt model is aJn m<lespellS1D1e ste:ppmg stone. 

author had vu5u ...... Y 

this model will be of use is in sce:rtaiiniIJlg which features of the 

aJnd of the mechaJnisms of '""">00 ...... are 

103 

but in 

synapse, 
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Further work on this could progress in three directions: 

1. The has been ''''l'!.lllJ.U';GLllL.lY limited in its scope. first 

tion was chc)Qsmg to the short term COlllPOllient the second 

was to model the reflex. Thus one avenue 

be to <>v .... <>n,rI the PrElSeIlt model to .LU,","U"'''' term V«"""j,,",,,,.y 

2. The n,.£",£ .. ,1- while VVi~'"'I.''''' direc-

tion work would be to Impf()Ve on the realism 

model the processes 

more 

the 

as well as the interactions between and could be di-

process transmitter release could be ."~,u<:' .. ,,,'u., 

even at the level individual vesicles. 

3. The prElSellt model is too to run in real time avery 

the synapse model could be used as a pn)CE!SSlng 

element in a real time "!JAnu ... !'. neural it will necessary to ""''''V''''',y it 

the of the synapse would be "' .. ''' .. IJ''u'' ... ,'''u in a model 

could be implementEd in such as 

104 
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CC = zeros(l, ) ; 

TCC = * 
CC(l,l) = sensa; 

Ca = zeros(l, 
lCa = zeros(l, ) ; 

TCa = 10; 

= 10; 
I (0.25 
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areas r the PSPs st 
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= (PSC(l,i) - (u(l, l)-urest)/R)/C; 
u(l,i) = u(1,i-1) + 

= 0; 

current == 0: 
kes zeros(l,l): 

numst 0; 

i 1: s 
u(l,i)-urest: 

if (this < 0.5e-15) 
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