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Hippocampal CA1 pyramidal cell model

The modelis a modified versionof the modeldescribedn Varonaetal. (2000).The
modelis a 256 compartmentaldetailedmorphologicalmodel of a CA1 pyramidal
cell, where the somatic compartmentis spherical, all other compartmentsare
cylindrical with different anatomicallength. The total effective areaof the neuron
was 66800 um?. For a compartmentwith membranepotential V,,; the discretized
version of the cable equation holds:

Cm,i d\/m,i/dt = _Zli,j - IL_ Isyn + I + Ri,i+l(vm,i+l _Vm,i) + Ri,i—l(vm,i—l_vm,i), (1)

whereCy; is the membraneapacitancef theith compartmentR; is thecytoplasmic
resistancebetweenthe ith and the jth compartmentsl;; representshe jth intrinsic
current in compartmentli, is the leak current, arig, is the synaptic current.

The tonic depolarisingcurrentwas setto a constantlevel, but the level was varied

from cell-to-cell,andwaspickedform a Gaussiardistribution.Width of the Gaussian

was in the range of 0% up to 10% relative to the mean level (default 5%). Mean level
of tonic depolarising current was between 500 and 70@pfault was 600 pA).

Membraneresistanceaxial resistancemembranecapacitanceand reversalpotential
of the leakagecurrentin the modelwereR,,=7.0Qm? R;=1.5Qm for all i,j pairsand
C.= 0.75 pF/cn¥, E= —67 mV, respectively.Valuesof R, and C,, at the dendritic
compartmentsverecompensatetb takeinto accountspinearea:valuesvariedin the
range R,=4.59 Qm? and C,= 1.144 pF/cnt R,=5.6 Qm? and C,= 0.937 puF/cnt,

respectivelyalongthe apicaldendriticregionwith increasingdistancefrom the soma
and were uniformly setto R,=4.59 Qn? and C,= 1.144 uF/cn?, respectivelyin the
basal dendritic region.

Active ionic channelswere described(Warman et al. 1994) mostly using the
Hodgkin-Huxleyformalism.Vy, in the followings denotedransmembranpotentialin

a given compartment,Ex and gx are the reversal potential and maximal ionic

conductancéor ion type X. The character§m, h, s, r, ¢, d, g, u, , b, n, I] describe
gating variables, which are described by the equation

ax/dt = fa(V)(1 = X) = BUVIX] = @fx (V) =X//T(V). (2)



The sodium (Na) channel is described by the following set of equations:

INa:gNarn?‘h (Vm_ENa) (3a)
Om = —3.4810° (Vi — 11) / {exp [Vm— 11) / —=12.94] — 1} (3.b)
Bm =0.1210° (Vin — 5.9) / {exp [Vu—5.9) / 4.47] — 1} (3.0)
an= 3/ exp[(Vm + 80) / 10)] (3.d)
Bn= 12 /{exp[V/m— 7.7)/ =27] - 1} (3.e)

Ena= 45 mV, gna takesits maximalvalue,90 mS/cnt at the somaanddecreaseto 0
mS/cnt with increasing distance from the soma on the apical and basal dendritic tree.

The delayed rectifier potassium (Kpr) channel is described by following set of
equations:

Ior = Qor n* (Vm —Ex) (4.a)
On=-18Vn/ {[exp (Vm/-25)] — 1} (4.b)
Bn=3.6 ¥n—-10}/ {exp [(Vm—-10) / 12] — 1} (4.0)

Ex= —-85mV, gor takesits maximalvalue,4.5 mS/cnt at the somaand decreaseo
0.213 mS/cnt with increasingdistancefrom the somaon the apical and basal
dendritic tree.

The muscarinic potassim (Ky) channel is described by following set of equations:

I = Om u? (Vm — EK) (Sa)
0, = 0.016 / exp Nn— 52.7) [ =23] (5.b)
Bu=0.016 / exp Nm— 52.7) / 18.8] (5.c)

ou takesits maximalvalue,3.75mS/cnt at the somaanddecreases 0.167mS/cnt
with increasing distance from the soma on the apical and basal dendritic tree.

The A-type transient potassium (K,) channel is described by following set of

equations:

Ia =gAab(Vm—EK) (Ga)
0, =-50 ¥ + 20) / {exp [V + 20) / -15] — 1} (6.b)
Ba=0.11C° (Vin + 10) / {exp [V + 10) / 8] — 1} (6.c)
op= 0.15/ exp[Vm + 18) / 15] (6.d)
Bo= 60/ {exp[V/m—73)/—-12] + 1} (6.e)

oa takes takes its maximal value, 60 mS/atnthe soma and decreases m®cnt
with increasing distance from the soma on the apical and basal dendritic tree.



The calcium (Ca) current is described by following set of equations:

lca=0caS I (Vi — Ecg) (7.a)
as = —0.01610° (Vi + 26) / {exp [Vm + 26) / — 45] — 1} (7.b)
Bs=4 (Vm+ 12) / {exp [Vm + 12) / 10] — 1} (7.0)
o, = 0.6 / exp[Vm + 94) / 10] (7.d)
B =2.4/{exp[Vn— 68)/—27] + 1} (7.€)

Eca was calculatedfrom calcium concentrationratios of intra- and extracellullar
concentrationsseebelow. gc. takesits maximal value, 5 mS/cnt at the somaand
decrease$o 0.22 mS/cnt with increasingdistancefrom the somaon the apicaland
basal dendritic tree.

The calcium concentration dependent potassium (Kaup) channel was implemented
differently from other channelsto better suit experimentallydeterminedchannel
kinetics (Jose Manual Ibarz, personal communication).

lare = Qane 9 (Vim — Ex) (8)

Time constantr, wassetto 48 ms and steadystateactivation,gs wasdeterminedoy
interpolating the following table:

[Ca][nM] | q | [Ca][nM] | q | [Ca"][nM] | q
0 0.004 [1034 0.867 [2069 0.979
103 0.035 [1137 0.859 [2172 0.982
206 0.111 (1241 0.915 [2275 0.984
310 0.231 (1344 0.931 [2379 0.986
413 0.372 (1448 0.944 [2483 0.987
517 0.508 [1551 0.953 |2586 0.989
620 0.622 [1655 0.961 [2689 0.990
724 0.712 [1758 0.967 [2793 0.991
827 0.780 [1862 0.972 |2896 0.992
931 0.830 [1965 0.976 3000 1.000

Table 1 Values used to describe the cal cium concentration dependent activatioon variable () of the
AHP channel

gane takes its maximal value, 0.9 mSfkat the soma and decreases to &cnt
with increasing distance from the soma on the apical and basal dendritic tree.

The calcium concentration and membrane potential dependent potassium (Kcr)
channel is described by following set of equations:

ler =ger € d (Vi —Ex) (9.a)
. = —7.7 vm + Vshift + 103) / {eXp [Vm + Vshift + 103) /—12] - 1} (9b)
Tcwas setto 1.1 ms (9.0
0q= 1/exp[¥m+ 79)/10] (9.d)
Ba= 4/{exp[Vm—82)/-27] + 1} (9.e)
Vsnii= 40log( [Ca™]/13.80510°2) (9.9)

gcr takesits maximalvalue,140mS/cnt at the somaanddecrease® 2 mS/cnt with
increasing distance from the soma on the apical and basal dendritic tree.



The hyperpolarization-activateeon-specificcation current (h) is describedoy two
interpolatedtables,onefor the membranepotentialdependentime constant(t), the
other for the membrane potential dependent steady state k@luespectively.

Vi [mv]‘ T [mS] ‘ Iinf H Vm[mv] ‘ T [mS] ‘ Iinf H Vi [mV] ‘T| [mS]‘ Iinf ‘

—140.00 17 1.0 96.36 30 0.90 |-52.72 20 0.063
-129.09 17 1.0 85.45 39 0.72 -41.81 16 0.040
-118.18 20 0.98 -74.54 a7 0.40 -30.90 11 0.0
-107.27 24 0.96 |-63.63 40 0.15 |-20.00 8 0.0

Table2 Values to describe time constan} &énd steady-state valudg) of the h channel

Reversalpotential for this currentwas setto E,= 0.0 mV, maximal conductance
value, g, in the basaldendriticcompartmentsvere0 mS/cnt. The g, valueincreased
from the soma towards the distal apical dendrites from 1 nt$éch® mS/crh

Intracellular calcium concentratiorfCa™]) and calcium reversal potentidd,) is
described by following set of equations:

Ec= —13.3[bg([Ca™]/1.2) (10.a)
d[Ca]/dt = —[Ca™] /tcat Bllka (10.b)
Following thework of Warmanetal (1994)we usedtwo calciumpools.Thefirst one
is usedfor calculatingEc, andin lcr, while the seconds for 1aue. Parametersor the

first and secondpools were tc= 910" s, B= 3107, and 1c.= 110° ms, B=310"
respectively.

Hippocampal and medial septal inhibitory neurons

Differential equation for a single-compartmental neuron is of the general form:
CndVi/dt =—21Ii — I — lsyn + | (12)
while gating variables were described by the equation

dx/dt = @Lox(V)(1 = X) = BV)X] = @[ (V) =X]/T(V) (12)
In the former equationl; standgor variousintrinsic currents), is the leakagecurrent
in the form

lL=0g.(V-E), (13)

lsyn IS the sum of synaptic currents, dnid a tonic depolarizing current.

Horizontal o/a neurons

Theseinterneuronsprojectedboth to the septumandto the lacunosummolaculare
(O-LM neurons)were adaptedfrom the model of Wang (2002), and were one



compartmentalmodels, containing five intrinsic currents: sodium (Iyy), delayed
rectifier potassium(lx), hyperpolarizationactivatednonspecificcation current (ly),
high-threshold calcium currenty), and calcium-activated potassium curreégg.).

Sodium current was in the standard form:

Ina= gNarnx,Sh(V— ENa), (14)
where the activation variable was replaced bstéady-state value

m, = am/(am + Bm) (15a)
am(V) =-0.1(V + 35)/{exp[0.1(V+ 35)] - 1} (15.b)
Bum(V) = 4 expF (V + 60)/18] (15.c)
on(V) =0.07expE (V+ 58)/20] (15.d)
Br(V) = 1{exp[-0.1(V + 28)] + 1} (15.e)
The delayedectifier potassium current was

lk = gen*(V — Ex) (16.a)
0n(V) =-0.01 V + 34) / {expF0.1(V + 34)] - 1} (16.b)
Bn(V) = 0.125expf- (V + 44)/80] (16.c)

The high-threshold calcium current was
lca= QedMe (V= Vea) (17.a)

Again,mwas replaced by its steady-state form

m,(V) =1/{1 + expf- (V + 20)/9]} (17.b)
The voltage-independent, calcium-activgiethssium current

lkca = Oked[Ca'J/([Ca™] + Kp)(V — Vi), (18.a)
where the dynamics of calcium concentration was described by

d[Ca*]/dt = —at lca—[C&/Tca (18.b)

Finally, the form of hyperpolarization-activated current was

Ih=gH(V-E), (19.a)
Ho(V) = 1/{1 +exp[(V + 80)/10]} (19.b)
(V) = 200/ exp[(V + 70)/20]+ expF (V+ 70)/20]} + 5 (19.¢)

Parameters of the model neuron were: g .=0.1mS/cnt, E.=-65mV,

Ova=35mS/cnt, Ex.=+55mV, gc=9mS/cnt, Ex=-90mV, gca=1mS/cng,

Eca=+120mV, ¢,=0.15 mS/cnt, E,=-40 mV, gkca=10 mS/cnt, @=@, =5,

Ko =30uM, a=0.002, Tca =80ms, | was 0 pA/cm?. The membranesurface
contributingto actionpotentialgenerationvastakento be 1.25e3un?, equivalentto

the surface area of a sphere of@0 radius.

Basket neurons



Thesecells with somataresidingin the pyramidallayer were single-compartmental
realizations.The modelwasthe samepreviouslyusedby Wangand Buzsaki(1996),
containing sodiuml{,) and delayed rectifier potassiui)(currents.

Equations governing the sodium dynamics were:

Ina= gNarn;oSh(V - ENa), (208.)
wheremwas substituted with its steady state form

O/ (O + Brm) (20.b)
am(V) ==0.1( + 35)/(exp(=0.1y + 35))-1) (20.c)
Bm(V) = 4exp(— ¥ + 60)/18) (20.d)
0n(V) =0.07exp(— ¥ + 58)/20) (20.e)
Br(V) = 1/(exp(—0.1Y + 28)) + 1). (20.1)

For the delayed rectifier potassium channel

Ik = gKn4 (V— EK) (Zla)
an(V) =-0.01{ + 34)/(expE0.1(V + 34))-1) (21.b)
Bn(V) = 0.125exp (V + 44)/80) (21.c)

Parameterof theseequationswere: C,, =1 uF/cnt, g. =0.1mS/cnt, E. = 65mV,
Ona= 35mS/cnt; Ena=55mV, gk =9 mS/cnt, andEx =-90 mV, @,= 5, andthetonic
depolarizingcurrentwassethomogeneoushyits level throughoutthe simulationswas
| was 1.4 pA/cm? Spatial dimensionsof the cell were the same used for the
horizontal o/a neuron.

Medial septal GABAergic neuron
This model neuron was the single-compartmentaiodel previously describedin
Wang (2002). Besideslya and Ik, this model containedlxs a slowly inactivating

potassium current.

The sodium current was in the standard form:

Ina = OnaTe"h(V— Eng) (22.a)
M., = O/ (O + Brm) (22.b)
On=-0.1(V+ 33){exp0.1(V+ 33)] - 1} (22.c)
Bm =4 expf (V + 58)/18] (22.d)
0nh=0.07expF (V+51)/10] (22.e)

By = 1/{exp[-0.1(V + 21)] + 1}. (22.1)



The delayed rectifier potassium current was

Ik =0k n4(V — EK) (23a)
0 = —0.01( + 38)/{expl0.1(V + 38)]— 1} (23.b)
B, = 0.125expl (V + 48)/80]. (23.0)

The slowly inactivating potassium current

lks = Oksp AV — Ex) (24.a)
was described with the steady-state form of gating variables:

P = 1/{1 + expF (V +34)/6.5]} (24.b)
T,=6ms (24.c)
0. = 1/{1 + exp[(V + 65)/6.6]} (24.d)
Tq = Too(1 + 1/{1 + expF (V + 50)/6.8]}) (24.e)
Tqo=100ms. (24.1)

The parametewaluesusedwereasfollows: C,, = 1 uF/cnt, g. = 0.1mS/cnt, E.=-50
mV, gna= 50, g« = 8, gks = 12 (in mS/cn); Exa= +55,Ex =-85(in mV), ¢ = @, =5, |
=2.2 pA/cm?, and was equalfor eachcell of the medial septal population.Spatial
dimensions of the cell were the same used for the hippocampal interneurons.

Synapses and network structure

Synaptic currentsfor establishingsynaptic contactsbetweenneuronswere either
GABA, receptormediatedinhibitory postsynapticcurrents (IPSCs) or glutamate
receptor mediated excitatory postsynaptic currents (EPSCSs).

GABA. IPSCswere described by the equation

lsyn= GsynS (V — By (25)
and activation variablewas governed by first order kinetics

dsidt = o F(Ver) (L =S)-BS (26)

wherethe transmitterreleaseprobability (F(Vye)) was a function of the membrane
potential of the presynaptic neuron

F(Vore) = 1/(1+ exp(. (Vore— B5yn)/K)) (27)

(Wang and Buzsaki, 1996). Parameterscharacterizingsynaptic contactsbetween
different pre- and postsynapticeuronswere asfollows: for basket-to-pyramidatell
connectiond b—p ). a =10ms? B =0.07ms?, K= 2 mV, Es,= —80 mV; for
basket-to-basketell connections b—b ), for medial septal-to-mediakeptalcell
connections( m—m ), for medial septal-to-basketp/a neuron connections(

m—-b , m—o ). a =10ms' B =0.07ms?, K= 2 mV, Ey,~ -75mV; for o/a
neuron-to-basketell connection{ 0—b ) ando/aneuron-to-mediaseptalneuron



synapseg¢ 0—m ). a =20ms?, B =0.05ms?, K= 0.5mV, Ey,~=-80mV; for o/a
neuron-to-pyramidatell connection§ 0— p ). a =10ms?, B = 0.07ms?, K= 2
mV, Es,= —85 mV; and for medial septal-to-medialseptal cell connections(

m—-m ). a = 10 ms?, B = 0.07 ms?, K= 2 mV, Ey,= —75 mV. B, was
unanimously set to 0 mV at GABAergic synapses.

Glutamatergic transmissionwas mediated by AMPA receptors.The model for
AMPA receptor-mediated current was described in Destexhe, (2000); briefly

lavpa = Qampa S (V — Eavipa) (28.a)
ddt=a [T] (1 -9)-Bs (28.b)

Here,a=1.1 mM™ms?, B= 0.19 ms?, Eaura = 0 mV. The transmitterreleaseat an
action potential was described by the equation
[T]= Tmax /(1 + eXp(—Vore— Vi) Ky)), (28.c)

whereV,= 2 mV andK,=5 mV.

Strengthof synapticcontactsweretestedin a wide rangefor probingthe robustness
of theobservegphenomenathereforeboththerangesaregivenanddefaultvalues(in
parenthesesire shown.Deviationsfrom defaultvaluesare shownat corresponding
figures. Strengthof synapticcontactswasthe samefor neuronsin a given pre- and
postsynapticpopulation and changesin maximal synaptic conductancegiven in
percentage refer to a ratio with respect to the default values.

Whentestingnetwork size effect on oscillation generationconvergencdevels were
kept constant.This way, overall depolarizationof individual neuronswere kept
constantwhile networksizewasrescaledpreventingchangesn firing ratesresulting
from altered strength of afferent connections.

Pattern of synaptic contactswas random: In the simulations convergenceand
divergencdevelswereset, pre- andpostsynapticmeuronswereselectedn arandom
manner. Synaptic strengths and convergence/divergence levels are listed below:

. convergencef basketcells on pyramidalcells (Freundand Buzsaki1996; Sik et
al. 1995 variedbetweer and20 (default15), maximalsynapticconductancevas
0.9 — 3nS (default 1.38 nS);

- asingle basketcell (Sik et al. 1995; Buhl et al. 1994) innervated60 — 80 other
basketcells (default 60), the testedrange of maximal synapticconductancevas
0.125 — 0.5 nS (default 0.125 nS), in the simulations presentedbasket cell
synapses were restricted to the somatic compartment;

- convergencef o/aneuronson pyramidalcells (Sik et al. 1995;Hajosand Mody
1997 wasin therangeof 8 — 20 (default8) andweredistributedon 3 distal apical
dendritic compartmentson different branchesof the dendritic tree, maximal
synaptic conductance varied between 0.8 — 1.1 nS (default 0.88 nS);

» convergenc®f o/aneuronson basketcells (Katonaetal. 1999;Buhl etal. 1994)
wasin therangeof 3 — 5 (default5), maximalsynapticconductancevas0.7— 1.1



nS (default 0.88S);

- pyramidalcellsinnervatedl.6 — 4 o/a cells (Lacaille et al. 1987; Blasco-lbanez
andFreund1995)on averaggdefault2.4), maximal synapticconductancevasin
the rangeof 0.6 — 1.5 nS (default 0.9) at AMPA receptorsand 0.3 — 0.75 nS
(default 0.45 nS) at NMDA receptors;

- convergenceof pyramidal cells on basketneurons(Freundand Buzséki 1996;
KneislerandDingledine1995)wadower, couldbe aslow as 0 and wasincreased
up to 1.2 (default 0.25), maximal synaptic conductancewas the same as for
synapses connecting pyramidal cells to o/a neurons;

- medialseptalneuronsnnervateds — 30 othermedial septalneurongVargaet al.
2002)(default10), maximalsynapticconductancevasvariedbetween0.12—0.88
nS (default was 0.25 nS);

- the amountof basketand o/a interneuronsnnervatedby medial septalneurons
(Freund and Antal 1988; Varghal. 2002 was the same and varied between 3.5 —
10 (default7), while maximal synapticconductancevasin the rangeof 0.38— 1
nS (default 0.;S);

- finally, o/a neuronsconvergedon 1.2 — 5 medial septalcells (T6th and Freund
1992; Jinno and Kosaka2002) on average(default was 2.5), maximal synaptic
conductance was in the range of 0.38 — 1 nS (defautt$).5

Numberof neuronsin a given type was 12, 50, 100, 50 for pyramidalcells basket
neurons,o/a neurons,and medial septal cells, respectively.Individual simulations
werealsorun with samenetworkstructurebutincreasechumberof neurong48, 200,
100, 100) to test scalability.

Modelswereimplementedn the GENESISsimulationsoftwareandrun on two 16-
node Beowulf clustersat KFKI RIPNP, Budapest,Hungary and at the Physics
Department, Center for Complex Systems Studies, Kalamazoo College.
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