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This report describes a computer model of a “column” in the cat motor cortex. The model includes two
layers of two-segment pyramidal neurons with two groups of inhibitory interneurons in each layer, which
selectively control the somatic and dendritic segments of the pyramidal cells. In this model, neurons
include active sodium, calcium, and several types of potassium currents. Excitatory connections between
neurons are of the AMPA and NMDA types, while collateral connections between neurons of the upper
layer are mainly of the NMDA type; connections between neurons in the lower layer are of the AMPA
type. All inhibitory connections are of the GABAype. The model reproduces the main neuronal pro-
cesses seen in the cat motor cortex during performance of an operant movement. Pyramidal neurons of the
upper layer generate primary and secondary responses to external stimuli. As in real experiments, sec-
ondary NMDA-dependent responses appear when GABAibition is weakened and disappear when
stimulation is increased; these properties of secondary responses are only reproduced when NMDA recep-
tors are located in the terminals of collateral connections. Using only rapid NMDA-independent connec-
tions, neurons in the lower layer generate a slow bell-shaped wave of excitation (a “motor command”),
which is formed by sequential activation of neurons with dendritic trees of different sizes.
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Our previous report [4] and earlier studies described abetween pyramidal neurons. From this point of view, it is
number of neural processes which can be observed in thenderstandable why the latent period of the secondary
cat motor cortex during performance of a learned operantesponse peak (in a typical case about 70 msec, with maxi-
movement — a conditioned reflex in which the animal placesmum latent periods which can be greater than 100 msec —
its forepaw on a support. In response to a conditioned sigsee Fig. 1 in [6]) is on average much greater than the latent
nal (electrical stimulation of the parietal cortex with trains period of NMDA-dependent EPSP in cortical slices (about
of 3-5 impulses), the upper layers of the motor cortex40 msec).
demonstrate secondary, NMDA-dependent responses after  Excitatory components are most directly associated
the primary response. NMDA-dependent excitatory postsy-with operant movements, and these are most marked in the
naptic potentials (EPSP) with similar time parameters havelower layers of the cortex and are NMDA-independent [4].
been recorded intracellularly from neurons in layers llI-ll1l Could the neural structure of the cortex during performance
in cortical slices in conditions of intracortical stimulation of a movement response itself generate the slow wave of
[16]. Similar responses can be seen in the cortex after disexcitation (of duration about 300 msec) only on the basis of
inhibition with bicuculline and stimulation of the pyramidal rapid (duration about 30 msec) NMDA-independent EPSP
tract [5]. These and other data led to the suggestion thabr could the generation of cortical “motor commands”
secondary NMDA-dependent responses reflect EPSP genmainly passively reflect the influx of excitation from other
erated in the terminals of horizontal (collateral) connectionssources, such as the ventrolateral nucleus of the thalamus?

A more general question is that of whether and to what

extent, knowing the functional characteristics of neurons

Department of Higher Nervous Activity, M. V. Lomonosov and the interneuronal connections of the cortex (see, for
Moscow State University. E-mail: maiorov@protein.bio.msu.ru. example, [18—20]), the phenomenology of neural processes
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Fig. 1. Basic skemes of the model and main functionag®ties of indvidual neuons.A) Scheme of connections bed&n neu
rons. Pyamidal neuons ae shovn as tiangles and inhibitgr neuons as citles. The left-hand side of the lseme shars extemal

connectionsyhile the rght-hand side shves intenal connectionsar eat layer of the modelAfferent ibers ae identifed by aff;

pyramidal p) neuons of the uppen and laver () layers ae identifed asup, Ip; intemeuons () addressed to dendes d) and
(in addition to dendites) the cell bod (s) are identifed asudi, Idi andusi, Isi. All inhibitory connectionsi(-) end on GAR\,

receptors. Other connectionsiff — up have AMPA and NMDA receptors; aff — udi have AMPA receptors; p - i have AMPA

recetors; up - uphave AMPA and NMDA receptors; up — Ip have AMPA and NMDA receptors;lp - Ip have AMPA and NMDA

receptors. The rumeiical paametes of neuons and connectionseagven in the Methods section and igure cgtions.B) Activ-

ity of isolated pyramidal neuons in the upper andver layers duing passge of an intacellular curent of 0.12 nAThe dendte
size of upper Iger neuons is 120 times cell bgdsize; this atio was 160 in the loer layer. Other paametes were completef iden

tical and ae gven in the Methods sectioiihe intewal between \ettical lines is 100 msecC) Fragment of the actity of upper
layer neuons (thid lines) and laver layer neuons (thin lines)Traces & shifted sule tha the frst spile in the tain of the lover
pyramidal cells coincided with the sjgilof the upper celGy, qis the sodium condueity in the dendtic segment;Vy andV; are
the potentials in the derité and cell bog, n is the actation variable for the delsied iectified potassium cuent (kpry); h is the
inactivation variable for the sodium cuent (this deaases dumg development of the action potential).
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actualy seen in the motor cax during perbrmance of an
opeant maement could be eproduced Attempts to
angver these questionsylconstucting and stuging the

behaior of a computer model of a daral unit (“column”)

are pesented in thiseport.

METHODS

The model consisted of tmayers of prramidal cells
(up, Ip — FHg. 1, A) with two groups of inhibitoy intemeu
rons in eab layer, producing diect (aferent) and imerse
inhibition of pyramidal cells.The rumber of gramidal
cells in eah layer varied from 16 to 256 in dferent exper
iments, while the number of inhibitoy intemeuions vas
always limited to one perrgup. The axons of yramidal
cells and diect inhibitoly intemeuions (maked on the dia
gram asudi, Idi) teminaed onl on dendites, while the
axons of everse inhibitoy intemeuons (si, Isi) temina-
ed on the dendes and bodies of tget cells.The oganiza
tion of inteneuonal connections is stvm in FHg. 1. In the
prototype modelgad neupn consisted of a twsement
model [15], consisting of axosonti@ and dendtic sey-
mentswhich provided sgisfactory reproduction of man of
the main functional mpeties of cofical pyramidal neu
rons. The behwsior of the neuon shieme illustated in
Fig. 1 was imitded ty using standalr teciniques 6r mod
eling neuon actvity in neual stuctures [8,10, 11, 13-15,
17,21-23],which provides umeiical solutions ér systems
of differential equtions desdbing changes in the potential
and kinetics of aote ion curents in the indiidual se-
ments of all neuns.

The d/namics of the potential in éacsgment ae
descibed ly the Roll chle equéion:

CAVdT = —GiealV — Eieald + Gin(Viy — V) +

+ Gin(V[+] _V) - (ZISyn"' zIm) + Iinja

wher C is the caacitance of the memdmme sgment,V is
the membane potential)V,; andV; are the potentials in
the neighbdng seyments E,..« is the equilibium potential
for leakae curent, G, is the passie (indgendent of the
membane potential) leakg conductiity, G, is the con
ductvity of the intesegmental connection (usugltaken as
equal to the interal longtudinal conductrity of the sg-
ment), li,; is the curent from the intenal souce injected
into the cellZlsy,is the total syngtic curent summed dm
the various components degsiced in detail belew:

Zlsyn=lampa * Invpa t+ lcaBa,s

andzl,, is the sum of ansmemlane ion curents,summed
from seeral components:

2lm = Ina +lcat lker) t Tk@anp) T k) * ke
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ead of which is desdbed by a Hodgkin—Huxlg equaion:

l,n = Ganb(V — E),

wherr G is the maxinum conductiity for a gven type of
cument (dhannel),V is the memhane potentialE is the
equilibium potential ér a gven ion,n is the &ponentand
aandb are actvation and inactiation constantsshanges in
which ae desdbed ty kinetic equéions for reversible first-
order chemical eactions (A~ B):

dx/dt = a(V)(1 —x) —B(V)x,

wher x has alues ofa or b; a, and 3, are variables (a
fixed potential ), their values ag constant) desiting the
rates of theV-dependent diect (A —) and everse (- B)
reactions.

The functional equ@mns and constantsff all types of
element in the model stvn in FHg. 1 ae pesented bels.
Measuements units ere: milliseconds (msec)millivolts
(mV), nanoamps (nA)micrometes (Um), microsiemens
(US), megaohms (M2), nanofirads (nF),and micomoles
(HM) [23].

The common leaacteistics for all elements ere:
Faradg's constanfF = 96484.56the equilibium potential
for leak@e curents,individual ionic and synatic curents
Eeak=—70 mV Eya = 50 mV Ec,= 140 mV Ex = —-90 mV
ECl =-70 mV EAMPA =-10 mVandENMDA =-10 mVVThe
resistance of connections betwn the sonte and dendt-
ic sgments vasR,, = 30 MQ, the specit conductvity of
the membaneG,, = 1/3x 1E-6 uS; and the spedif cgpac
itance vasC,, = 0.7%-5 nF [15].

Equdions were then detenined br individual cur
rents and elaionships betwen \ariables consisting of the
rates of the diect @) and everse () reactions and the
membane potential.

The sodium cuent [22,23] (m, h are the actiation
and inactiation variables espectiely) was desdbed by

Ina = GnaMh(V — Ena);

(V) = —0.32{ + 56.9)[&xp(~(V + 56.9)/4) — 11}
Br(V) = 0.28Y + 29.9)[ep((V + 29.9)/5) — 13
an(V) = 0.128ap(—(V + 53)/18);

Br(V) = 4[exp(=(V + 30)/5) + 1f™.

The delged ectified potassium cuent [22,23] was
descibed by
Ikor) = GkoryN(V — Ex),

o(V) = —0.016Y + 34.9)[&xp(=(V + 34.9)/5) — 1L,

B.(V) = 0.25&p(—(V + 50)/40).
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The calcium cwent [15] had an actition variable (s)
and an inactiation varable (r):

lca= GcS(V — Eca);
ag(V) = 0.055Y + 27)[1 — ep(~(27 +V)/3.8]%;
BAV) = 0.%exp(~(V + 75)/17);
ar(V) = 4.5 — 4exp(~(V + 13)/50);
B(V) = 0.0065[1 + ep(—(V + 15)/28)}~
The calcium-dpendent potassium aftgnperpolaiza-

tion curent ([Ca] is the interal calcium ion concerdtion
in sgments) is as desbed in [17] with modiications:

Icarp) = GK arpya(V — Ex);
a([Cal) = 0.01(ICal - [Calasd; Bo() = 0.02.
The M-type potassium cuant was deiihed as [15]
lkwy = Growy UV — Ex);
ay(V) = 1E - 4V + 30)[1 - &p(~(V + 30)/9);
B,(V) = —1E — 4(V + 30)[1 — &p((V + 30)/9)}™

The A-type potassium cuent had an actation vari-
able (@) and an inactition variable (b) [22, 23]:

Ik = Grayab(V —Ex);

(V) = 0.02(-56.9 V)[exp((-56.9 ~V)/10) — 11
B(V) = 0.0175¢ + 29.9)[exp((V + 29.9)/10) — 1
ap(V) = 0.00Bexp((-83 —V)/18);

By(V) = 0.05[1 + &p((-V — 59.9)/5).

Changs in the synatic conduction time wre
descibed using a doub exponent method [25]:

G(t) = (t1T2/ (T2 — T))(EXP(-1/Tp) — &xP(-t/Ty));
the time to the peakas
toeak= (T1T2/ (T2 — 1)) IN(T2/Ty);
the peak alue vas

Gpeak: (TlTZ/(TZ _Tl))(eXp(_tpea(/TZ) - e(p(_tpea(/Tl))-
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Channels assodizd with NMDA receotors have virtu-
al conductvity, and the eal (obsered) conductiity
depends on the memdmme potential [23]:

G(t)nvpa = G()nmpairdl + (2/3)&xp(=0.07Y + 20))I .

The time bamacteistics of indvidual syngtic curents
were desdbed ly

AMPA: 1, = 2,1, = 1O:tpeak= 4
NMDA: 1, = 10,T, = 100,tyeq= 25;
GABA,: 11 = 2,1, = 10, theak= 4.

Allowing for the synptic “weighting” (W), the curent
creaed ly a gven synase | = G(t)s(V — E), where the
“effective conductiity” G(t)er = W(G(t)/Gpeay, With
restictions for theAMPA current of Gg¢ < 3E—1 and ér the
NMDA current Ggg virr < 1E-1 [23]. Throughout the tet,
numeical values br synatic eficiency are gven as
(W/ Gpeal) = (G(t)eff/ G(t))-

The calcium concerdtion within sgments bangs as
descibed by [15,17]

d[Cal/dt = (—1E5/2F)(Ger(V — Ecy) +
+ Geanmoa) (V — Ecd)) — ([Ca] — [Cagasd / Tica

(with an adilitional souce for Ca ion infux via NMDA
channelsGeanmpa; = 0.035ympa)- Since it is dificult to
evaluge the wlume in vhich ions enténg cells ae dis
tributed changes in calcium conceration [Ca] ae gener
ally detemined “with a precision up to the coiéient of
propottionality” [8, 15,17,22,23] (segehowever, [12, 24]),
to obtain apropriate dynamics of ion cuents deendent
on [Ca] (hee Ik@anp))-

The specit charmacteistics of diferent types of neu
rons ae listed belw (G is the speci€ conductvity, Sis the
surface aea of a sgment,p is the etio of dendite surfaice
area to bog area with subsdpts identifying the axosona
ic (0) and dendtic (1) sggments.

Inhibitory intemeuons: G ng = 3000E-6, G; na =
= 1566, Gokpr) = 150E-6; Gikpr) = 0, p = 120,
$=100,5, = pS.

Pyramidal neuons: baseline calcium conceation
[Calgase = 0.1, time constantdr recovery of the calcium
concentation to the initial baseline V&l t1c; = 200 msec

Upper yramidal cells;p = 120, = 100, S, = pS,
Gona = 3000@E-6, Gy na = 136, Goca = 0, Gica =
= 0.36-6, Gy k(pr) = 150E&-6, G; kpRr) = 0, Go kanp) = 0,
Gy k(aHp) = 2E-6,Go kvy = 0, G1 kmy = 0.1E-6, G ka) = O,
Gi k@) = 0.

Lower pyramidal cells:;p = 160,S, = 100, S, = pS,
Gona = 3000@E-6, Gy na = 136, Goca = 0, Gica =
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= 0.36-6, Gy k(pr) = 150E-6, G; k(pr) = 0, Go k(aHP) = O,
G k@aHp) = 2E-6,Go k) = 0, Gy kmy = 0.1E-6, Go k(a) = O,
Gy k) = 0.

The elaive siz of dendites () and the syrgtic con
ductvity (G) for individual types of connectionere select
ed mandomy from a nomal distibution with a speciéd
mean and dispsion. Neative weightings or connections,
which could occur as asult of this methqgdvere replaced
with zero.

The pogram was witten in C++ in the visual jr
gramming emironment Boland C++ Builder 4. Numeéal
solutions of the complete system offdiéntial equtions
descibing the behaior of the model wre obtained ¥ the
Rung—Kutt—Felbeg method with a ariable steo [1, 2, 7].

RESULTS

Figure 1,B shovs an &ample of the actity of two
pyramidal neuons,one in the upper and one in thevey
layer of the modelisolated from all synatic connections,
in conditions of an identical ansmembane curent
linj = 0.12 nA.All neuron paametes were complete} iden
tical gpatt from dendite siz, which was 12, (1.2E5 pm?)
for the upper Iger pyramidal cell and 168, (1.6E5 pm?)
for the laver layer pyramidal cell. This reproduces the
result obtained in [15] and sled tha the kegime in which
the yramidal cell opeates (tains,or regular firing) may be
detemined ony by the elaive (to the boy) size of the
denditic tree FHgure 1, C allows identifcation of why
trains ae geneeted After genestion of the peceding
somdic spike, the potential in the denite of the laver
pyramidal cells (thin lines)eadhes a peak tar than the
potential in the dende of the upper cell (thiclines),when
inactivation of the sodium cuent and potassium pae
ability in the cell bog are alead relaively weak and allay
genestion of an aditional spile because of deritic depo-
larization triggered in the cell bog

Figure 2 shavs examples of theasponses of argup
of pyramidal cells in the upper yar of the model in
response to a dm of spiles in the dkerent fber. The
response consists ofiprary and secondgrexcitatory com
ponents; the t@nt peiod of the secondgresponse in &g-
mentsB andD coresponds to the maxum values seen in
expeiimental conditions (seéor example Fig. 1 in [6]). In
agreement with gpeimental d&a, secondar responses
appear in conditions ofeduced GAR\s-dependent inhibi
tion (Hg. 2, B). Analysis of dianges in synptic conducti-
ity included in the model neans allavs us to éllow the
chain of eents leading to enestion of the secondsr
responseMinimal wealening of inhibition &the star of
the iesponse (deeased GAB , conductvity in Fig. 2,B as
compaed with tha in Fg. 2, A is coloed Hack) has the
result tha some aditional neuons g@gnegrte spiles in
response to &rent stimulation; this inceases th& eseve”
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of virtual NMDA conductvity (nmda,the incease in con
ductvity corresponding to the ite space betaen cuves)
accunulating in the dendte membane If the residual vir
tual NMDA conductvity is quite high after the end of the
GABA, cument,as shwn in Hg. 2, B, then a secondgr
response can beegeated Increased stimlation (reflected
as an inagase in gmary responses) leads to diggeaance
of secondayr responses (§. 2,C) because of an inease in
afterhypempolaization, Igxanp). A slight wealening of
Ikanp) is suficient for restoation of secondar responses
(Fig. 2, D). Wealening of the NMIA current leads to dis
appeaance of secondaresponses (§. 2, E). An increase
in NMDA conductvity, along with dianges in a mmber of
other paametes in Hg. 2,F, leads to a signi¢ant shoten
ing of the laent peiod of the secondgrresponseThe
lower pat of the fgure shavs a histgram of the disibu-
tion of averaged secondgrresponseseaneeted in this test
by all neuons in the model superposed with histgrams
of several typical secondgr responsesecoded in eal
expeiments (the lwer fragment of the ifure is epro-
duced with a scale kbangg, from Hg. 1, A from [4]).

Figure 3 shavs the gneegtion of secondar responses
when NMDA receptors ae locded not in the teninals of
the reverse collderals of gyramidal neuons (as shen in
the diggram and thexamples pesented inig. 2),but in the
teminals of the dkrent ibers on the dendtes of pyrami
dal cells. Havever, with NMDA receptors in this disposi
tion, the elaionship betveen secondgrresponses and the
strength of afferent inhibition did not coespond to tha
obseved epelimentally. Secondar responses ppeaed
when the stngth of afferent inhibition was inceased and
parlleled a de@ase in gmary responses (§. 3, B); fur-
ther inceases in inhibition causedimary response to dis
appear while secondar responses ineased and shad
reductions in their kent peiod (Fg. 3,C, D). Thus,this sit
uaion did not yield the ééct daracteistic of ceebral cor
tex neuons,whereby seconday responsesgpear in condi
tions of suppession of GAR\4-dependent inhibition; con
versely, seconday responses mpear not in conditions of
wealening hut in conditions of sangthening of GAB4
inhibition.

Figure 4, A shavs the @negtion of “motor com
mands”by neuons in the lwer layer of the modelinflu-
enced B the souce of actity in the upper Iger. “Rapid”
collateral EPSP of the non-NMP type were required for
genestion of a wave of excitation in the laver layer, and the
duration of this signifcantly exceeded the dation of indk
vidual EPSPIn fragment B the histgram shaving the
overall response gnerted ty pyramidal neuons of the
lower layer of the model (thicline) is compagd with a his
togram of the electmyographic response of ellve flexion
in a cd duiing rapid perbrmance of the pa-placing condi
tioned eflex (thinner line).A significant daracteistic of
the mopholagy of the laver layer of the model is thalif-
ferent neuons hae denditic trees of diferent sizs. In
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Fig. 2. Responses ofylamidal cells in the upperyar(n = 16) to a tain of thee spiles with intespike intewvals of 3 msec eneseted ty one aferent fber
branding to all the gramidal cells of the upperylar and an intereuon on the diect inhibitoy pathway (udi). The frst spile in the tain coresponds to
the thid vettical line in the igure. The upper parof eat fragment shws the spik actvity of the prramidal cells and twinhibitory neuons (the last te
rows); the laver pat shavs changes (aeraged for all the yramidal cells) in conduatity and potential in the denitic segment (AHP =Gganp));
GABA = Ggaga; hmda = the viual and NMDA the real conductiity of channels assodiad with NMDA receptors; Vyeng = potential of the dendic seg-
ment (see Methods section). Chasdn conductity and potential inxeamplesA andB are lined up with fagmentB. Light and dak intevals betveen
curves shw areas in vinich the cuves fom fragmentB are, respectiely, higher and laer than the cwes in flagmentA. Neuon and connection pame
ters differing from those tyen in the Methods sectionere: A) p = 100+ 20; G, k(anp) = 3E-6; aff - up, avea = 0.25+ 0.2E-3; aff — upy nmpa = 0;
aff - udi; = 4E-3;up - upy ame = 0.75% 0.55-3; up - UpPy yvpa = 0.15% 0.1E-3;up — usk = 2E-3;udi - up; = 0.96-2;usi - upy = 1.ZE-2;usi - up, =
= 0.9E-2. B) (differing from A): udi - up, = 0.55-2. C) (differing from B): aff — up; avea = 0.75+ 0.2E-3. D) (differing from C): G, kanp) = 1.5E-6.
E) (differing from D): up - up; ympa = 0.0+ 0.1E-3. F) (differing from A): half the neuons (0-7) ha@ff — up; samps = 0.3+ 0.05-3, the othes (8-15)
had O;up - up; avea = 0.1% 0.05E-3; up — up; ympa = 0.75% 0.09-3; up — usi = 0.4E-3;usi - Upy ;= 1.2%-2;udi - up; = 0.ZE-2.The laver pat
of fragmentF shawvs averaged post-stiralus histgrams of all the yramidal neuons of the model in thisiéd with supeimposition of eal neuon respons
es in the cemotor cotex (from Hg. 1,Ain [4]).
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Fig. 3. Changs in the bamacteistics of secondgrresponses fien NMDA receptors ae moved from the teminals of colléeral connections
to aferent endings onywamidal neuons.Abbreviations ae as in k. 2. Ony the damacterstics of connections digring from those in the
example in fg. 2,B are shavn. A) aff - up; ampa = 0.25+ 0.56-3; aff - up; ympa = 1% 0.56-3;Up - upy yvpa = O; udi - up; = 0.52-2.
B) (Differing from Fg. 3, A): udi - up; = 1.0E-3.C) udi - up; = 1.596-3.D) udi - up; = 3.CE-3.

Fig. 4, A, the neuons ae odered by size, suc tha the top
curve coresponds to the neam with the smallest dentc
tree and the bottom cug shavs the neusn with the lagest
denditic tree The neuons ae actvated sequentiaji and
those newns wvhich are ecited ealier also &ll silent eali-
er. This is the type of wplvement obsered in the actiity
of real neuons in the camotor cotex during perbrmance
of the conditionedaflex movement (kg. 4, C).

Figure 4,D, E shavs hav the esponses of neains in
the lover layer of the model ltange with dangs in the
mean walue of the descending ¢fm neuons in the upper
layer) and harontal (betveen newns in the laver layer)
connectionsThe initial esponse coesponded to cue 1
on both plotsWealening of the descending (ear3) or
collateral (cuwe 2) excitatory connections in the Veer
layer led to inceases in the tant peiod of genestion of
the wave of ecitation. Howvever, these methods ohandng
the laent peiod did not hae identical diects:changes in

the stength of the descendingxfemal from the point of
view of neupns in this Iger) connections did not alter the
shage of the leading émt of the vave of ecitation (from
the starto the peak) (i§. 4,D, E, 1, 3, while essentiajl the
same banges in laent perod due to vealening of intenal
horizontal connectionsesulted in a sleer deelopment of
the esponse (with a mergently sloping leading font)
(Fig. 4,D, E, 1, 2).

Figure 5 shavs the effiects of the eent of actation
from the upper Mer and the intnsic stde of pramidal
neuons in the laver layer on the gneetion of the vave of
excitation by neuons in the laver layer. In this casgpyra
midal neuons of the upper {eer ae dvided into tw
groups of eight neans (neuons 0-7 and 8—1%umbeed
from &ove davnwards). Excitéory collateral connections
of the NMDA type betveen neuwns within eab goup
were stonger than those bewen newns belongng to dif
ferent goups (connection stngths a& shevn in the ca-
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Fig. 4. Chaacteistics of the actity of different neuons in the model ding the pocess of gnegting a“motor command A) Genestion of a wave of excita-
tion by pyramidal neuons in the laver layer, consisting of 64 neans,in response to the agity of one upper Iger pyramidal neuon induced ¥ intracellular
depolarization (a curent of 0.05 nA dung the inteval from 0 to 100 mse®.15 nA fom 100 msec to the end of the gs@ g@od). Timing is shavn relaive
to the beinning of the angksis g@oc. Neuons ae odeted ly the siz of their dendtic segments. Newn and connection pametes: up: p = 120;G; k(aHp) =
=3E-6;up - ush = 2E-3;up - ldi; = 1IE-3;up - Ip; amp = 0.25—4;up — Ipy nvpa = 2E-4;USi - upy = 1.ZE-2; usi - up; = 0.9%-2;Ip: p = 100 + 3, where
i is the newsn identifcation rnumber (0-63)G; karp) = 0.95-6;1p — Ipyampn = 0.075+ 0.0E—4;Ip — Ipynmpa = O3 Ip - Isiy = 0.7FE-4;1di - Ip; = 2E-3;
Isi - Ipg = 1E-4;Isi — Ip; = 1E-4;Ip — upyavem = 0;1p — upy nmpa = 0. B) Overall histayram of the actity of pyramidal neuons in the laver layer of the
model (thik line) and histgram of electomyogram lesponses @m the brelimb biceys of a caduiing perbrmance of the conditionedweplacing efiex (thin
line, from Fg. 29,A, 1in [3]). C) Distribution of the papds of maxinum neuon actvity in the ca motor cotex duiing perbrmance of the conditioned wa
placing eflex (from Fg. 35 in [3]) elative to the onset of nrement (the aow shavs the momenttavhich the half-maximal biges electomyogram \alue is
readed in eals response)D) Increase in the tant peiod of the vave of excitation in the laver layer relaive to the initial positionl) in conditions of wealened
descendingd) and colléeral (2) connections. Exponentssshaevn for the lastif/e points of edtresponsgcorresponding to the leadingofit of the vave of exci-
tation. Time is indicéed elaive to the bginning of the anaksis god. E) Displacement of thexponent fom Hg. 4,D (relaive to the initial esponsgshavn as
circles). In conditions of constant cdttgal connections beten fyramidal neunns in the laver layer, despite the lger difference in lgent peiods, approxima:
tion exponentials dér the leading ints of the xcitation wave coincided mcisey (1, 3), while changes in colléeral connections cause them toadje ).
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tion to the fgure). Neuons were actvated by passge of
shot (10 msec) deolatizing curents though neuons 0-2
and 14-15. Secondaresponses and subsequertittion
were geneated ony by the second pup of neuons. kg-
ure 5, A shovs an &ample of the gnegtion of a motor
command in the leer layer of the model under the lof
ence of actiation of a goup of neuons in the upper leer
(neuons of the laver layer were odered in tems of the sie
of the denditic treg as in Rg. 4, A). It is evident tha gen
eration of the vave of ecitation in the laver layer induces
additional eccitation of upper lger neuons due to ascend
ing excitatory collaterals from the laver layer to the upper
The wave of «citation in the laver layer did not apear
after slight deaases in theesponses of upperyler neu
rons vere induced ® 10% wealening of colléeral connee
tions betveen yramidal neuons (Rg. 5, B). The indusion
of potassiunf-currents into the model of eer layer pyra-
midal neuons bocked genertion of the motor command
when the sength of colléeral connections in the \eer
layer was douked (Hg. 5, C).

DISCUSSION

Mechanism of Train Generation. Previous studies
[15] shaved tha the actvity regime of pyramidal neuons
can be detenined ty a single paameter — the si& of the
dendite as a popottion of the sie of the cell bog, this
result wvas eproduced in the msent vark and is shan in
Fig. 1. The authos of [15] esticted their ®idence to the
point thd the genestion of trains equires the pesence of a
small level of sodium condudtity in the dendite. There ae
therefore grounds to consider the nfemism of oigination
of trains in moe detail.

1. Vigendr = Viog,- Genedtion of EPSP in the denite
induces popagation of a wave of dgpolaiization towvards the
cell bod;, wher an action potential issgeated when the
critical level of depolaiization is raded (In the case
shavn in Hg. 1, depolaiization of the bog is due immedi
ately to passge of the intacellular curent.)

2. Voody — Vdenar Depolaiization of the cell boy
induced ly the action potential ppagates bak to the den
drite and bamges the dendtic capacitance Cyeng) Via a
longitudinal resistance (in the model thisk,, linking the
somdic seggment with the dendic segment) with a time
constant oft = RyCqendr

3. Viendr » Vbogy- This depolaiization leads to aote-
tion of the dendtic sodium conductity, which increases
the deolaiization of the dendte (producing a dendtic
spike); the enhanced gelaiization wave retums to the cell
body.

4. The fllowing events deends on \wich stde the cell
body is in when ecitation retums from the dendte. If exci-
tation from the dendte retums apidly, it arives duing the
refractoly petiod of its paent spile and disppeas. If the
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denditic excitation is delged, it can induce an atitional
offspring spike in the cell bogd and initide genestion of a
train. If we ignoe the effect of the tansmembane leakge
cument, then the dekatime deends on the time constant
for chaging the dendtic capacitance 1= R;Cqengd- The
delay increases with in@ases in the aa and elecital
cgoacitance of the denite (Cyeng) and intenal transkr
resistanceR,,), which are detemined ty the mopholagy
of the neuon. Havever, the tians\erse (actve) conductii-
ty of the dendte membane is arable (for example the
total level of potassium conduetty is contolled by neuo-
modulaors). This metanism allevs the egime of neuon
activity to be contolled functionaly (for example replace
ment of egular tmin actvity during the tansition fom
waking to slep).

Mechanism of Geneation of Seconday Responses.
The model shas tha the gnestion and time pametes
of seconday responses ardetemined ly the manitude
and d/namics of GAB\A- and NMDA-dependent synatic
conductvities and the calcium-gendent potassium cur
rent (kanp)) respectiely. Secondar responses argener
ated because of theesidual”virtual NMDA conductvity,
which pesists to the end of the GAB, curent.This med-
anism, in paticular, explains the &ct tha being NMDA
dependent,seconday responses peak sigigiintly later
than NMDA-dependent EPSPrhe model eproduces the
main popeties of secondgrresponses — theippeaance
and enhancement in conditions of siggsion of GAB\ -
dependent inhibition and their digpeaance vhen stinula-
tion is inceased — due to theadopment of afteryperpo-
larization (Ixanp)). Wealening of afterfipempolaization
(for example because of ineases in the total el of
“arousal”) leads to theppeaance and enhancement of sec
onday responsesAn unepected esult flom obseving the
behaior of the model s thathe popeties of secondgr
responses geended on the lotan of NMDA synagses.
Seconday responsespeaed and vere enhanced in cen
ditions of suppession of GABR\, inhibition only when
NMDA syngses were locded on the everse teminals of
pyramidal cell axons. If these syrses vere locded d the
site of the endings of cticocotical aferent axonsthen the
secondar responsesanesrted in this situson only weak
ened vhen GABA,-dependent inhibition deeased The
point is tha in the frst caseactiation of collaeral EPSP
required a ceain rumber of gramidal neuon disharges,
while in the second case lf@n memhane deolaization
alone vas suficient to actvate NMDA conductvity), the
effect of spike ¢enestion on the gnestion of NMDA
EPSP is xclusively negative, consisting of induction of
post-spile afterlypempolaiization. This result povides fur
ther suppar for the lypothesis thasecondar responses
have collaeral origination [5].

Mechanism of Genestion of the “Motor Com -
mand.” Genestion of the“motor command’in the model
shaws signifcant hut not olvious similaities with the eal
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Fig. 5. Conditionsdr genegtion of a“motor command’by pyramidal neuons in the laver layer of the calex. A) Genestion of a vave of citation in the
lower layer (n = 64) in lesponse to acfity of pyramidal neuons in the upper leer (h = 16) induced ¥ passge of a spik of intacellular dpolaizing cur
rent of 0.1 nA dung the time peod 0-10 msec viaysamidal neuons 0-214,and 15 and\eer the time péod 0-50 msec via the @ict inhibitoy intemeu
ron (udi). The moment which the curent was stated is indicéed by the arow and the thik vertical line. The upper and leer hist@grams in eal figure
shaow the total mmbes of spiles gneeted in 10 msecypall pyramidal neuons in the upper andver layers. Pyamidal neuons of the upper eer were
divided into tvwo groups of eight newns (0-7 and 8-15); panetes of the connections beé@n neusns within eab group were:up - up; amea = 0.56-4;
up - upy nvpa = 1.2E-3; paametes of integroup connections &re: up — up; ave = 0.5E—4;up — up; ympa = 1.2E—4; other paametes (differing from
Fig. 4,A) were:up: p=80 + 8 (i < 8),p = 80 + 8{— 8) ( = 8); Gy karp) = 3E-6;Up - Ipy ampn = 0.1E-4;Up - Ipy nvpa = 0.46-4; udi - up, = 2E-1;
Ip: p= 200+ 100;Ip — Ipy ampa = 0.11+ 0.11E-4;Ip - Isiy = 0.7E=4;Idi - Ip; = 3.1E-3;Ip - upy ampa = 0.2E—4.B) Absence of \ave of ecitation in
the laver layer when excitation of upper lger neuons vas educed Intragroup connections in the uppeyéa for AMPA and NMDA receptors: up — up=
= 1.1E-3.C) Blockade of gneegtion of a motor command in thewer layer after adition of K(A)-type conductiity to pyramidal cells of the \er layer,
G k) = 0.85-5;Ip - Ipg amea = 0.22% 0.11E-4. Neupn actiity rastes shav overall histograms br pyramidal cells in the upper andaer layers sga
rately. The frst stinulus spile in the tain coresponds to the thicvertical line and the aow.
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process in the motor cax. Qualitaively, this gplies to the
naure of involvement,i.e., sequential péods of actation,
of different neuons in the motor ctex which is seen dur
ing perbrmance of the conditioned waplacing eflex [3].
It can be seen dm the compason shavn in FHg. 4, A and
B tha the mange of involvement of the caex is aout twice
as wide as theof the model (the scale ing- 4, C is twice
that of Hg. 4, A, B). One eason ér this mg be the method
used br detemining the peinds of maxinum neuon actv-
ity in Fig. 4, C, from averaged post-stinulus histgrams;

the width of the @eraged esponse in@ases because of the

performance of indiidual morements with dfferent laent
peliods. Compason of the vave of ecitation genested by
the model with the yhamics of the mostpidly performed
opeant mawements,as shan in Hg. 4, B, demonstates
good areement of thewerall dynamics of theesponses in
both casesThe sequential wolvement of newns in the
wave of ecitation dgpends on the disps&on of the sies of
the model nare cells. Oer a paticular rangg, an incease
in dispesion leads to an inease in the dation of the &ci-
tation wave genested The sequential actition efect is
based on thehdlity of large neuons in the laver layers to
genedte train actvity. In compaison with neuons in the
upper lyer, neuons in the laver layer shaved a de@ased
extent of afterlgpempolaization (G anp)); otherwisetrains
would be interupted too quikly in conditions of a high iri
tial spike frequeng, because ofapid increases in the Ca-
dependent potassium aent. This efect, which was seen
only because of the dédrence in the mgholagical sizs of
individual nere cells,may appaently appear (or sength
en) because of the gad in the functional pametes, for
example the manitudes of potassium aents.

The shae of the leading &mt of the“motor com
mand”in the model emained constant despite sigeait
changes in the lgent perod induced g changes in the
extemal influx to the neunns of the laver layer genest-
ing the“motor command'(with no change in the eficien
cy of the connections beten them)This chamacterstic
effect has also been seen in amber of &peimental
studies. In eal conditionsthe shae of the“motor com
ponent”of the esponses of ctical neuons is not deen
dent on the nare of the tiggering conditioned signal [3].
Functional &clusion of the cesbellar rudei [9] induced
shap increases in the tant peiod of the meement-asso
ciated weve of ecitation in the motor cdex without
change in its shpe and sie.

Why the “Motor Command” is Genemted. In the
model,the motor caiex appeas to displg excessie inde
pendence genegting the “motor command” without
“authoiization” from outside The “authoiizing” meda
nism mg result, for example from the action of neor
transmittes facilitating moe efective exctemal actvation or
interaction of gneator neuons duing the pocess of dr-
mation of the“motor command This, in paticular, shovs
tha the efective taget for neubtransmittes mg be den
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dritic conductvity of the K(A) type activation (or stength
ening) of vhich can be locked ky genegtion of the“motor
command’in the cotex.

CONCLUSIONS

Computer modeling shed tha the neual stiuctures
in which the popeties of indvidual elements and the
scheme of connections betwn them caespond to theeal
chamcterstics of the new stiucture of the cegbral cotex
and eproduce the mainoims of actity seen in eal pltys-
iological expeiments on the pesfmance of an opant
movement. Pyaimidal neuons in the upper Yeer ¢genested
primary and secondgrresponses toxéemal stinulation.
As in real peliments, seconday NMDA-dependent
responsesppeaed in conditions of walening of GABA,
inhibition and disppeaed when stinulation increased;
these popeties of secondarresponses &re reproduced
only when NMDA receptors were locded in the teminals
of collaeral connectionsWhen all connections eve of the
rapid, NMDA-independent typeneuons in the lover layer
genegted a slov bell-shged wave of ecitation (a“motor
command”),which formed as aesult of sequential awt-
tion of neuons with dendtic trees of diferent sizs.
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curacies and an mr in the equion descibing the calcium
cument though NMDA channels.
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