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Systems/Circuits

A Minimal Biophysical Model of Neocortical Pyramidal
Cells: Implications for Frontal Cortex Microcircuitry and
Field Potential Generation

Beatriz Herrera,1 Amirsaman Sajad,2 Geoffrey F. Woodman,2 Jeffrey D. Schall,2 and Jorge J. Riera1
1Department of Biomedical Engineering, Florida International University, Miami, Florida 33174, and 2Department of Psychology, Vanderbilt Vision

Research Center, Center for Integrative & Cognitive Neuroscience, Vanderbilt University, Nashville, Tennessee 37203

Ca21 spikes initiated in the distal trunk of layer 5 pyramidal cells (PCs) underlie nonlinear dynamic changes in the gain of

cellular response, critical for top-down control of cortical processing. Detailed models with many compartments and dozens

of ionic channels can account for this Ca21 spike-dependent gain and associated critical frequency. However, current models

do not account for all known Ca21-dependent features. Previous attempts to include more features have required increasing

complexity, limiting their interpretability and utility for studying large population dynamics. We overcome these limitations

in a minimal two-compartment biophysical model. In our model, a basal-dendrites/somatic compartment included fast-inacti-

vating Na1 and delayed-rectifier K1 conductances, while an apical-dendrites/trunk compartment included persistent Na1, hy-

perpolarization-activated cation (Ih), slow-inactivating K1, muscarinic K1, and Ca21 L-type. The model replicated the Ca21

spike morphology and its critical frequency plus three other defining features of layer 5 PC synaptic integration: linear fre-

quency-current relationships, back-propagation-activated Ca21 spike firing, and a shift in the critical frequency by blocking

Ih. Simulating 1000 synchronized layer 5 PCs, we reproduced the current source density patterns evoked by Ca21 spikes

and describe resulting medial-frontal EEG on a male macaque monkey. We reproduced changes in the current source

density when Ih was blocked. Thus, a two-compartment model with five crucial ionic currents in the apical dendrites

reproduces all features of these neurons. We discuss the utility of this minimal model to study the microcircuitry of

agranular areas of the frontal lobe involved in cognitive control and responsible for event-related potentials, such as the

error-related negativity.
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Significance Statement

A minimal model of layer 5 pyramidal cells replicates all known features crucial for distal synaptic integration in these neu-

rons. By redistributing voltage-gated and returning transmembrane currents in the model, we establish a theoretical frame-

work for the investigation of cortical microcircuit contribution to intracranial local field potentials and EEG. This tractable

model will enable biophysical evaluation of multiscale electrophysiological signatures and computational investigation of cort-

ical processing.

Introduction
The arrival times to cortical lamina of sensory inputs, efferent
copies, and task rules in agranular frontal cortex are critical in
cognitive control (Cohen, 2014; Sajad et al., 2019; Subramanian
et al., 2019). Regulated by local inhibitory neurons, signaling
from these pathways converges on the opposite poles of layer 5
(L5) pyramidal cells (PCs), the basal dendrites/soma and apical
dendrites, in which coincident arrivals are robustly encoded
(Larkum, 2013; Cohen, 2014). One well-characterized cognitive
control function is error monitoring by the medial frontal cortex
(Stuphorn et al., 2000; Sajad et al., 2019), which is indexed by an
error-related negativity (ERN) in scalp potentials (Gehring et al.,
1993). L5-PCs display distributions of voltage-gated channels
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that together with returning currents form small dipolar configu-
rations (Einevoll et al., 2013; Reimann et al., 2013). Local syn-
chronization of these miniaturized dipoles arranged in parallel
by their elongated trunks produces electric potentials that can be
measured both intracranially and on the scalp (i.e., the EEG)
(Riera et al., 2012). Therefore, models of the L5-PC are necessary
to translate between neural spiking, event-related local field
potentials (LFPs), and the scalp ERN reflections during perform-
ance monitoring.

L5-PCs exhibit two excitability zones, affording the integra-
tion of signals across cortical lamina. One deep excitability zone,
at the axon hillock, produces Na1 action potentials (Na1-APs),
and another more superficial, in the distal trunk, produces Ca21

spikes (Amitai et al., 1993; Yuste et al., 1994; Schiller et al., 1997;
Larkum and Zhu, 2002). The coincidence of an Na1-AP with an
apical dendritic excitatory postsynaptic potential produces addi-
tional Na1-APs via a back-propagation-activated Ca21 spike,
“BAC firing” (Larkum et al., 1999b). Na1-APs show a linear fre-
quency-current (f-I) relation with different sensitivities at the
two excitability zones (Larkum et al., 2004). Dendritic Ca21

spikes generated by strong inputs show a sustained depolariza-
tion (Larkum et al., 2001) that produces high-frequency Na1-
APs (Schwindt and Crill, 1999; Williams and Stuart, 1999;
Larkum et al., 2001). L5-PCs exhibit a critical frequency (CF)
between 60 and 200Hz for eliciting Ca21 spikes (Larkum et al.,
1999a) via somatic stimulation, which is sensitive to the hyperpo-
larization-activated cation current, Ih, in apical dendrites (Berger
et al., 2001).

Previous simplified biophysical models explained some key
features, that is, the I-f curves (Larkum et al., 2004) and the back-
propagating AP-activated Ca21 spike (BAC) firing (Chua et al.,
2015; Yi et al., 2017). More complex biophysical models
accounted for some combinations of the three major features:
the BAC firing (Rapp et al., 1996; Schaefer et al., 2003; Hay et al.,
2011; Bahl et al., 2012; Almog and Korngreen, 2014; Mäki-
Marttunen et al., 2018), the f-I curves (Hay et al., 2011; Bahl et
al., 2012; Mäki-Marttunen et al., 2018), and the CF of Ca21

spikes (Schaefer et al., 2003; Hay et al., 2011; Bahl et al., 2012;
Almog and Korngreen, 2014). However, single-cell models with
many compartments and ionic channels are computationally
expensive to use in large-scale simulations of neocortical net-
works. Furthermore, fitting these complex models to LFP/
EEG data are impractical, limiting interpretability and scal-
ability to studies in system neuroscience. Only one previous
model replicated realistic [Ca21] dynamics in the distal trunk
during Ca21 spikes (Mäki-Marttunen et al., 2018). Furthermore,
no previous model has reported an Ih shift on the CF, the current
source density (CSD) patterns associated with dendritic Ca21

spikes evoked by somatic stimulation of PCs above the CF, and
the effect of blocking Ih on these patterns (Suzuki and Larkum,
2017).

We describe the simplest possible, to our knowledge, biophys-
ical model (2 compartments, 7 ionic conductances) of L5-PCs
accounting for all these features. In particular, it reproduced
Ca21 dynamics above the CF and explained the shift produced
by Ih. The model replicates CSD patterns obtained from
synchronized Ca21 spikes of 1000 L5-PCs because of supra-
CF somatic stimulation. In addition, our model predicts a
positive scalp potential linked to Ca21 spikes in macaque
monkeys as previously reported in rats (Suzuki and Larkum,
2017). Therefore, this minimal L5-PC model will be crucial
for the interpretation of the ERN cortical microcircuit (Sajad
et al., 2019).

Materials and Methods
L5-PC minimal model
We modeled the L5-PC as a two-compartment neuron, with a compart-
ment representing the basal dendrites/soma and another compartment
representing its distal trunk (Ca21 spike initiation zone) and the apical
dendrites. The trunk is represented by a transfer resistance (RT) between
the two compartments (Fig. 1A). The basal-dendrites/soma compart-
ment includes the classic Hodgkin-Huxley fast-inactivating sodium (INa)
and potassium delayed rectifier (IKdr) currents (Hodgkin and Huxley,
1952). The apical-dendrites/trunk compartment includes persistent Na1

current (INap) (Magistretti and Alonso, 1999), Ca21 L-type current (ICaL)
(Lytton and Sejnowski, 1991), hyperpolarization-activated nonspecific
cation current (Ih) (Kole et al., 2006), muscarinic K1 current (IM)
(Adams et al., 1982), and the slow-inactivating potassium current (IKs)
(Korngreen and Sakmann, 2000). The membrane potentials of the two
compartments are given by the following coupled differential equations:

dVs ¼
�INa � IKdr � Isl 1

Vd�Vsð Þ

RT
1 Isinj

� �

Cs
m

2

4

3

5

dt1sVs
dWVs

(1)

dVd ¼
�INap � ICaL � Ih � IM � IKs � Idl 1

Vs�Vdð Þ

RT
1 Idinj

� �

Cd
m

2

4

3

5

dt1sVd
dWVd

(2)

where subscripts s and d denote the basal-dendrites/soma and apical den-
drites/trunk compartments, respectively.Vi, C

i
m, I

i
l , and I

i
inj (i 2 fs; dg) rep-

resent the membrane potential, membrane capacitance, leak current,
and injected current for the i-th compartment, respectively (Table 1,
parameters). sVs

dWVs
and sVd

dWVd
denote the Weiner fluctuations

of the basal-dendritic/somatic and apical-dendritic/trunk mem-
brane potential, respectively. We assumed sVs

¼ 0 and sVd
¼ 0 in

all simulations unless otherwise specified. The ionic currents are
modeled using the Hodgkin-Huxley formalism in which:

Ik ¼ gkm
x
kh

y

k ðVi � EkÞ (3)

where, gk is the maximal conductance of the k-th ionic channel; mk and
hk are its activation and inactivation gating variables (Table 2, ionic cur-
rent kinetics); x and y are their respective exponents; and Ek is the equi-
librium potential of the k-th ion. The leak current was modeled by
Iil ¼ gil ðVi � EilÞ. All the equilibrium potentials are considered con-
stant, except for the equilibrium potential of Ca21, which depends on
the intracellular Ca21 concentration ( Ca21½ �i) through the Nernst
equation. Because of ionic diffusion, we treat [Ca21] as a stochastic
variable. Therefore, we added a Wiener noise sCadWCa to Equation 4
using the approach described in a previous study (Riera et al., 2011),
with sCa ¼ 1 � 10�9.

The intracellular Ca21 concentration dynamics is given by the
following:

d Ca21½ �i ¼ �
gk ICaL Vdð Þ � ICaL Vr

dð Þ
� �

2Fd
�

Ca21½ �i � Ca21½ �
r

i

� �

tR

0

@

1

A

dt1sCadWCa (4)

where Vr
d is the dendritic resting potential, Ca21½ �r

i is the intracellular
Ca21 concentration at rest, and tR ¼ 80ms is the decay time constant
of the intracellular Ca21 concentration because of active transport
(Schaefer et al., 2003). d ¼ 1mm is the depth of the submembrane Ca21

shell, F ¼ 96;489C=mol is the Faraday’s constant, and k ¼ 10;000=Ad

is the unit conversion constant for ICaL (mA). The surface area
Ad ¼ 9302:3mm2 of the apical-dendrites/trunk compartment was calcu-
lated based on the values given by Larkum et al. (2004) for parameters
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Figure 1. Illustration of the biophysical model, LFP estimation, and simulated neocortical column. A, Equivalent circuit of the two-compartment biophysical model. The first and second por-

tions of the circuit represent the basal-dendrites/soma and apical-dendrites/trunk compartments, respectively. The lengthy trunk is represented by the transfer resistance (RT ) between the com-

partments. Each ionic channel (k-th) is represented by an electromotive force Ek (i.e., the ion equilibrium potential) and a voltage-dependent conductance gk in parallel. B, Illustration of the
forward-modeling used for LFP estimation from the two-compartmental model of L5-PCs. To compute the transmembrane currents, the cell was divided into five current source/sink regions

Herrera et al. · Minimal Biophysical Model of Neocortical Pyramidal Cells J. Neurosci., October 28, 2020 • 40(44):8513–8529 • 8515



Cd
m and Rd

m.g represents the fraction of free Ca21 (not buffered), which
was adjusted to reproduce experimental data for Ca21½ �i in the distal
trunk (Larkum et al., 1999a). The basal intracellular Ca21 was set at its
typical physiological value Ca21½ �r

i ¼ 80nM.

f-I relation
We create the f-I curves by injecting a noisy staircase current into either
compartment and calculating the somatic firing rate for each current
step. The noisy input current was an Ornstein-Uhlenbeck process
(Larkum et al., 2004) as follows:

Iiinj t1 dtð Þ ¼ Iiinj tð Þ1
m tð Þ � Iiinj tð Þ

t
dt1s iGt

ffiffiffiffiffiffiffi

2dt

t

r

(5)

where Iiinj tð Þ is the injected current at the i-th compartment with mean
m tð Þ, compartment-dependent SD s i; and time correlation length t . Gt

is a random number generated at each time point from a Gaussian distri-
bution with mean= 0 and SD=1. We set t ¼ 3ms as in the experimental
study (Larkum et al., 2004), and dt, the time increment, equal to the inte-
gration time step. The mean m tð Þ increased over time between 0.2 and
0.75nA as a staircase function with steps ofm tð Þ ¼ 0:05nA every 2 s.

Modeling a population of L5-PCs
In addition to reproducing all main features of PC reported from intra-
cellular recording studies, we validated its usefulness to model large-scale
extracellular electric potentials (e.g., LFP) generated by cortical microcir-
cuits. To that end, we simulated a neocortical column comprised of 1000
L5-PCs. For now, they were not connected to each other. Nevertheless,
this approach allowed us to determine the transmembrane active (i.e.,
voltage-gated) and returning ionic current densities and laminar LFP
associated with synchronized apical dendritic L5-PC Ca21 spikes. The
laminar LFPs and CSD patterns were compared with those obtained by
Suzuki and Larkum (2017).

Calculating the LFPs.We calculate the LFP from the transmembrane
currents generated by a collection of neurons using the point source
approximation (Holt and Koch, 1999), which assumes that the trans-
membrane currents through a compartment can be approximated as a
single monopolar source/sink placed in an extracellular medium at the
center of the compartment. To compute the transmembrane currents,
we divided each compartment into regions (Fig. 1B). This approach per-
mits the spatial separation of active ionic and passive returning (i.e.,
capacitive and leak) currents. The basal-dendrites/soma compartment
was modeled by three regions: the basal dendrites, the axon hillock/
soma, and the oblique dendrites. The apical-dendrites/trunk compart-
ment was modeled by two regions: the distal trunk (including the main
bifurcation point) and the tufted apical dendrites. Each region was repre-
sented by a single monopolar current source/sink. The ionic and capaci-
tive/leak currents are distributed between these regions as follows:

/

(indicated in colors). The position of the point source/sink representing the mass center for each

compartment of a neuron is given by the parameter rn ¼ xn; yn; znf g. The position of an elec-
trode in the probe is given by the parameter re ¼ xe; ye; zef g. The cell morphology was
obtained from Hay et al. (2011); (ModelDB, accession #139653, “cell #1”). The linear probe sketch

was adapted from an image of the NeuroNexus A1x16 probe. C, Estimated scaling factors of the

capacitive (IC) and leak (Il) currents of each neuronal region for six stimulus conditions (black

circles): 1. Suprathreshold somatic current pulse. 2. Suprathreshold EPSP-like distal dendritic current

injection. 3. Subthreshold EPSP-like distal dendritic current injection. 4. Suprathreshold somatic cur-

rent pulse followed by subthreshold EPSP-like distal dendritic current injection. 5. Brief train of

suprathreshold somatic current pulses at 120 Hz. 6. Noisy supra-CF somatic current pulse. We

found no significant difference in the values of as
i (i ¼ 1; 2; 3f g) and ad

i (i ¼ 1; 2f g) across
stimulus conditions for either IC or Il (all p values. 0.05, Wilcoxon signed-rank test, n=6 condi-

tions), or between the values of a
s;df g

i ICð Þ and a
s;df g

i Ilð Þ(all p values. 0.05, Wilcoxon

signed-rank test). D, Top, Integral of the returning current traces for each neuron region for the

six stimulus conditions. Bottom, Estimated scaling factors of the returning currents for the six stim-

ulus conditions (black circles). Mean values are reported next to the bars. C, D, Simulations were

performed using the Hay et al. (2011) model (ModelDB, accession #139653, “cell #1”) in LFPy

(Lindén et al., 2014), which builds on NEURON (Hines et al., 2009). E, Membrane potential (top)

and leak/capacitive current traces (bottom) of the basal-dendrites/soma (left) and apical-den-

drites/trunk (right) compartments of our two-compartment L5-PC model for stimulus condition 6.

Leak (Il) and capacitive (IC) current traces are shown in blue and orange, respectively. F, 2D repre-

sentation of the simulated cortical column formed by a collection of 1000 L5-PCs (“cell #1” in Hay

et al., 2011). The simulated cortical column had a diameter of 3 mm and a total depth of 1.6

mm. The somas were distributed randomly in the tangential dimension of L5. The mean (SD)

depth of the neurons was 1.04 (0.22) mm from the pia matter. The expanded plot, at the right,

visualizes the variation in the spatial distribution of L5-PCs in the column.

Table 1. Parameters used for the simulationsa

gk (lS) Ek (mV) (x, y)

Somatic compartment

Cs
m ¼ 0:26nF;Rs

m ¼ 50MX

(Larkum et al., 2004)

Na 18 50 (3, 1)

Kdr 5 �85 (0, 4)

Leak 1=Rsm �31.5 (0, 0)

Dendritic compartment

Cd
m ¼ 0:12nF;Rd

m ¼ 43MX

(Larkum et al., 2004)

Nap 0.022 50 (3, 1)

CaL 3.85
RT

zF
ln

Ca21½ �
o

Ca21½ �
i

 !

(2, 0)

h 0.865 �45 (1, 0)

M 1 �85 (1, 0)

Ks 28 �85 (2, 1)

Leak 1=Rdm �48.1 (0, 0)

RT ¼ 65MX (Larkum et al., 2004)

Ca21½ �o ¼ 2mM
aThe first column indicates the ionic channels per compartment. The second and third columns show the

maximum conductance and equilibrium potential for each ionic channel, respectively. The exponents of the

activation (x) and inactivation (y) gating are indicated in the fourth column. Electrotonic parameters (capaci-

tances/resistances) are also shown.

Table 2. The gating kinetics for each ionic channel

Ionic current Gating variables

Na am ¼ 0:1 � V1 40ð Þ= 1� exp � V1 40ð Þ=10
� �� �

b m ¼ 4 � exp � V1 65ð Þ=18
� �

ah ¼ 0:07 � exp � V1 65ð Þ=20
� �

b h ¼ 1= 11 exp � V1 35ð Þ=10
� �� �

Kdr am ¼ 0:01 � V1 55ð Þ= 1� exp � V1 55ð Þ=10
� �� �

b m ¼ 0:125 � exp � V1 65ð Þ=80
� �

Nap m1 ¼ 1= 11 exp � V1 52:6ð Þ=4:6
� �� �

am ¼ 0:182 � V1 38ð Þ= 1� exp � V1 38ð Þ=6
� �� �

b m ¼ �0:124 � V1 38ð Þð Þ= 1� exp V1 38ð Þ=6
� �� �

tm ¼
6

Tadj am 1 b mð Þ

h1 ¼ 1= 11 exp V1 48:8ð Þ=10
� �� �

ah ¼ �2:88� 10�6 � V1 17ð Þ � 1� exp V1 17ð Þ=4:63
� �� �

b h ¼ 6:94� 10�6 � V1 64:4ð Þ � 1� exp � V1 64:4ð Þ=2:63
� �� �

t h ¼
1

Tadj ah 1 b hð Þ

CaL am ¼ 1:6= exp �0:072 � V � 5ð Þð Þ1 1
� �

b m ¼ 0:02 � V1 8:69ð Þ � exp V1 8:69ð Þ=5:36
� �

� 1
� �

Ks m1 ¼ 1= 11 exp � V1 11ð Þ=12
� �� �

tm ¼ 1:251 175:03 � exp 0:026 V1 10ð Þð Þ
� �

=Tadj , for V,�60

tm ¼ 1:251 13 � exp �0:026 V1 10ð Þð Þ
� �

=Tadj , otherwise
h1 ¼ 1= 11 exp V1 64ð Þ=11

� �� �

t h¼ 3601 1010124� V165ð Þð Þ�exp � V185ð Þ=48
� �2

� �� �

=Tadj
h am ¼ 0:00643 � V1 154:9ð Þ= exp V1 154:9ð Þ=11:9

� �

� 1
� �

b m ¼ 0:00193 � exp V=33:1ð Þ
M am ¼ 0:0033 � exp 0:1 V1 35ð Þð Þ

b m ¼ 0:0033 � exp �0:1 V1 35ð Þð Þ

tm ¼
1

Tadj am 1 b mð Þ
Tadj ¼ 2:3

34�21
10
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Ii1 ¼ 1� aKdrð Þ � IKdr 1as
1 � IsC 1 Islð Þ1 Isinj (6)

Ii2 ¼ INa 1as
2 � IsC 1 Islð Þ (7)

Ii3 ¼ aKdr � IKdr 1as
3 � IsC 1 Islð Þ (8)

Ii4 ¼ ICaL 1 IKs 1ad
1 � IdC 1 Idl
� �

(9)

Ii5 ¼ Ih 1 INap 1 IM 1ad
2 � IdC 1 Idl
� �

1 Idinj (10)

where Ii1, I
i
2, I

i
3, I

i
4, and Ii5 are the total transmembrane currents (Fig. 1B)

of the basal dendrites (1), axon hillock/soma (2), oblique dendrites (3),
distal trunk (4), and the tufted apical dendrites (5) regions, respectively.
IsC and IdC are the somatic and dendritic capacitive currents, respectively;
and are equal to C s;df g

m dV s;df g=dt. The distribution of ionic currents in
these five regions was determined by taking into consideration physio-
logical/morphologic characteristics and modeling results.

First, to distribute the capacitive and leak currents in the five regions,
we performed a series of simulations using the detailed Hay et al. (2011)
model (available on ModelBD) (Hines et al., 2004), accession #139653,
“cell #1” (parameters fromHay et al., 2011, their Table 3), in which we cal-
culated the leak and capacitive currents associated with the five neuronal
regions in the detailed morphology (Fig. 1B) for six general stimulus con-
ditions. The stimulus conditions considered were as follows: (1) supra-
threshold somatic current pulse (similar to stimulus used in Fig. 3C); (2)
suprathreshold EPSP-like distal dendritic current injection (similar to
stimulus in Fig. 3E); (3) subthreshold EPSP-like distal dendritic current
injection (similar to stimulus in Fig. 3B); (4) suprathreshold somatic cur-
rent pulse followed by subthreshold EPSP-like distal dendritic current
injection (similar to stimulus in Fig. 3D); (5) brief train of suprathreshold
somatic current pulses at 120 Hz (similar to stimulus in Fig. 4A); and (6)
noisy supra-CF somatic current pulse (similar to stimulus used in Fig. 5).

Simulations were performed using LFPy (Lindén et al., 2014), which
builds on NEURON (version 7.7) (Hines et al., 2009).

We computed the area under the current traces for each region and
stimulus condition. Because we were interested in estimating the propor-
tion of the leak/capacitive current through each region, we grouped these
currents into those that contribute to the basal/oblique/soma/axon hil-
lock area and to the distal trunk/tuft area. Accordingly, we estimated the
proportion of the capacitive/leak current through each region as follows:

as
j Ikð Þ ¼

A Iik
� �

As
T1 Ikð Þ

; and

ad
m Ikð Þ ¼

A Iik
� �

Ad
T2 Ikð Þ

;

with As
T1 Ikð Þ ¼

X3

i¼1
A Iik
� �

; Ad
T2 Ikð Þ ¼

X5

i¼4
A Iik
� �

; j ¼ 1; 2; 3f g;

m ¼ 1; 2f g; k ¼ C; lf g; and i ¼ 1; 2; 3; 4; 5f g. A IiC
� �

and A Iil
� �

denote

the areas under the total captative (IiC) and leak (Iil ) current traces for the

i-th neuronal region, respectively (i.e., basal dendrites, axon hillock/
soma, oblique dendrites, distal trunk, and apical tuft; Fig. 1B). as

i Ikð Þ and

ad
i Ikð Þ represent the percentage of the capacitive/leak currents that goes

to the i-th neuronal region, with respect to the total current of the basal/
oblique/soma/axon hillock area and the distal trunk/tuft area, respec-

tively. The normalization by the total areas, As
T1 Ikð Þ and Ad

T2 Ikð Þ, is nec-
essary because our two-compartment neuronal model generates the total
capacitive/leak currents in each compartment: basal-dendrites/soma and
apical-dendrites/trunk. According to our model, the capacitive and leak
currents are different in each compartment (Fig. 1E).

Figure 1C shows the estimated values of as
i Ikð Þ and ad

i Ikð Þ for all
stimulus conditions for each neuronal region. We found no significant
difference between the values of as

i Ikð Þ and ad
i Ikð Þ across stimulus condi-

tions (all p values. 0.05, Wilcoxon signed-rank test, n= 6 conditions),
or between the values of a

s;df g
i ICð Þ and a

s;df g
i Ilð Þ (all p values .0.05,

Wilcoxon signed-rank test). These results indicate that the capacitive
and leak currents can be distributed equally, using the same scaling fac-
tors, in our 5-regions model to calculate the LFPs. Finally, the scaling
factors of the returning currents (sum of the leak and capacitive cur-
rents) can be estimated as follows:

as
1 ¼

A I1r
� �

As
T1

; as
2 ¼

A I2r
� �

As
T1

; as
3 ¼

A I3r
� �

As
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1 ¼

A I4r
� �
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T2

; ad
2 ¼

A I5r
� �

Ad
T2

where A Iir
� �

is the area under the total returning current trace (Iir) of the

i-th neuronal region; As
T1 ¼

X3

i¼1
A Iir
� �

; and Ad
T2 ¼

X5

i¼4
A Iir
� �

.

Figure 1D illustrates the integral of the returning currents through each
neuronal region (top) and the values of scaling factors (bottom) for the

six stimulus conditions. The values of as
1;2;3f g and ad

1;2f g used in

Equations 6–10 are reported in Figure 1D (bottom).
Second, we distributed the ionic currents based on their distribution

in L5-PCs. We separated the IKdr current into its contribution by the ba-
sal and oblique dendrites, setting aKdr = 0.5. These regions occupy a
larger area with an overall higher density of IKdr channels than the axon
hillock (Ramaswamy and Markram, 2015). In the axon hillock/soma, we
included the Na1 current because its density in this area is at least 50-
fold higher than at proximal dendrites (Ramaswamy and Markram,
2015). The ICaL and IKs currents were incorporated in the main bifurca-
tion point of the trunk since this region is the Ca21 spike excitability
zone (Larkum et al., 1999b). The Ih current was added to the apical tuft
compartment because of its high density in this region (Kole et al., 2006)
and critical influence on synaptically evoked activity in the distal apical
dendritic arbor (Harnett et al., 2015). The INap (Schwindt and Crill,
1995) and IM (Hay et al., 2011) currents were also included in this area
because of their role in the amplification/attenuation of synaptic cur-
rents. A more detailed rationale is provided in Results.

We compute the LFPs at 16 equally spaced vertically aligned points
to simulate the linear microelectrode array (Michigan probe) used by
Suzuki and Larkum (2017). As in their study, the interelectrode distance
(h) was 100 mm. Motivated by their stimulation protocol with the right-

Table 3. Summary of previous/current biophysical models used to describe the principal features of L5-PCsa

Study Compartments Ions Platform Features explained

Rapp et al., 1996 ..1000 2: 2/c; Total ..2000 NEURON BAC firing

Larkum et al., 2004 2 2: 1/c, 1IF model; Total = 2 Not reported f-I curves

Schaefer et al., 2003 8 7: 6/c; Total = 48 NEURON BAC firing; CF

Hay et al., 2011 196 sections; 1018 segments 8: 9/c S(1); 7/c AD(561); 1/c BD(454); Total = 4390 NEURON BAC firing; CF; f-I curves

Bahl et al., 2012 5 sections; 14 segments 8: 1/c Ah(5); 5/c S(1); 1/c BD(1), 4/c AD(7); Total = 39 NEURON BAC firing; f-I curves

Almog and Korngreen, 2014 153 sections; 663 segments 8: 8/c; Total = 5304 NEURON BAC firing; CF

Chua et al., 2015 3 1: 1/c AD, 1 IF model; Total = 1 NEST BAC firing

Yi et al., 2017 2 3: 2/c S(1), 1/c AD(1); Total = 3 MATLAB f-I curves

Mäki-Marttunen et al., 2018 4 sections; 20 segments 10: 9/c S(1), 1/c BD(1); 7/c AD(5), 7/c T(2); Total = 59 NEURON BAC firing; f-I curves; [Ca21]i
Current study 2 7: 2/c BD/S(1), 5/c; AD/T(1); Total = 7 MATLAB BAC firing; CF; f-I curves; [Ca21]i; Ih effect; CSD maps
a The first, second, third, and fourth columns show the study, number of compartments, number of ionic channels, and the platform used to create the simulated data for each study. The fifth column lists the features that

were explained by each study. The column “Ions” provides the following information: Ns : Nc=c, where Ns and Nc are the number of ionic species considered and the number of ionic channels per compartment, respectively.
In some cases, the number of ionic channels per compartment depends on the regions of the neuron considered. IF, Integrated and fire model; S, soma; AD, apical dendrites; BD, basal dendrites; T, trunk; Ah, axon hillock.
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angled prism, we consider that the linear probe was located at the center
of a cylindrical neocortical column of 3 mm in diameter, and with con-
stant and isotropic electrical conductivity s br ¼ 0:323S=m (i.e., average
across layers; Fig. 1F) (Goto et al., 2010). Given the maximal current pro-
duced by individual PCs, 1000 L5-PCs were required to generate CSD
amplitudes in the range reported by Suzuki and Larkum (2017). The
electric potential at electrode position z

j
e is given (Nicholson and Llinas,

1971) as follows:

f zje
� �

¼
h

2s br

X

Nn

i¼1

X

Ns

n¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

z
j
e � zin

� �2

1 xinð Þ
2
1 yinð Þ

2

r

� jzje � zinj

 !

�
Iin tð Þ

V

(11)

where Iin tð Þ is the transmembrane current generated by the point
source n of the neuron i; xin, y

i
n, and zin are the coordinates of the

point source n of the network neuron i, and V is the volume of the
cortical column. Nn = 1000 and Ns = 5 represent the total number
of neurons in the network and the total number of regions in each
neuron, respectively. The ðxin, y

i
nÞ coordinates of the neurons in the

simulated neocortical column were generated randomly from a
uniform distribution. The zin coordinate of the axon hillock/soma
point source/sink of the network neurons was also generated ran-
domly from a uniform distribution with values between 1.025 mm
and 1.450 mm below the pia matter (Suzuki and Larkum, 2017).
The location of the basal dendrites, trunk main bifurcation point,
and apical dendrite point sources were calculated relative to the
location of the neurons’ axon hillock. The basal dendrite point
source was always 0.15 mm below the axon hillock, the main bifur-
cation point of the trunk was always 0.89 mm above the axon hil-
lock (Ledergerber and Larkum, 2010, their Fig. 12), and the apical
dendrite point source was 0.15 mm above the trunk main bifurca-
tion point. The position of the oblique dendrites, representing part
of the somatic returning currents, was generated randomly with
values between 0.7 and 1 mm from the cortical surface. The pro-
posed distribution of point sources for dendrites was inspired by
morphologic data of L5-PCs (Mohan et al., 2015). To instantiate
variability in the timing of L5-PC Na1-APs and Ca21 spikes, we
considered sVs

¼ 0:05 and sVd
¼ 0:025 in Equations 1 and 2,

respectively.
CSD analysis. We estimated the CSD patterns evoked by the

simulated LFPs using the spline inverse CSD method (spline iCSD)
(Pettersen et al., 2006). The iCSD methods are based on the inver-
sion of the solutions of the electrostatics forward problem and
assume cylindrical confined and symmetric CSDs. Specifically, the
spline iCSD method assumes a continuously varying CSD along the
recording electrodes, which is calculated by interpolating a set of
cubic splines, requiring the CSD and its first and second derivatives
in the vertical direction to be continuous (Pettersen et al., 2006). It
also considers a homogeneous disk distribution in the in-plane
(x, y) directions. As described in the previous section, a homogene-
ous and isotropic volume conductor with extracellular conductivity
of s br was used. Based on L5-PC density and the CSD peak ampli-
tudes in Suzuki and Larkum (2017), the diameter of the cylindrical
source model was set to 3 mm. The estimated CSD based on the
simulated LFPs was convolved with a Gaussian filter of s = 0.1 mm
to produce a spatially smoothed CSD estimate.

Forward model of electroencephalogram. Data were collected from
1 male bonnet macaque (Macaca radiata, ;8.5 kg) that was cared
for in accordance with the United States Department of Agriculture
and Public Health Service Policies on Human Care and Use of
Laboratory Animals. All procedures were performed with supervi-
sion and approval from the Vanderbilt Institutional Animal Care
and Use Committee. Anatomic images were acquired with a Philips
Intera Achieva 3 tesla scanner using SENSE Flex-S surface coils
placed above and below the head. T1-weighted gradient-echo struc-
tural images were obtained with a 3D turbo field echo anatomic

sequence (TR=8.729ms; 130 slices, 0.70 mm thickness). Segmentations
of the scalp and skull were performed in SPM12 (Penny et al.,
2007) and segmentation of the brain in BrainSuite (Shattuck et al.,
2001).

To compare estimated with observed EEG potentials described previ-
ously (Godlove et al., 2014; Sajad et al., 2019), we positioned the simu-
lated population of PCs in a cortical column within the supplementary
eye field (SEF), an agranular area on the dorsomedial convexity in maca-
ques (Fig. 6B). The monkey’s head was modeled as an isotropic and
piecewise homogeneous volume conductor (Fig. 6A). The positions of
the EEG electrodes were defined using an algorithm that automatically
estimates the international 10-10 scalp coordinates of the EEG electrodes
on the scalp’s surface of the subject (Giacometti et al., 2014) (Fig. 6A).
The conductivities used for the brain (sbr), skull (s sk), and scalp (s sc)
were 0.323, 0.43 (Lee et al., 2015), and 0.0063 S/m (Lee et al., 2015),
respectively.

In general, the scalp potential ve ~re ; tð Þ mVð Þ at any position ~re
produced by a continuous field of microscopic electrical sources
I ~r; tð Þ mA=mm3

� �

inside the brain R can be represented by an inho-
mogeneous Fredholm integral equation of the second kind (Riera et
al., 2012) as follows:
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where~jk I;~rð Þ ¼ s k11 � s kð Þvk I;~rð Þ~nk ~rð Þ=Dl represents the secondary
currents defined for each elemental volumetric shellVk (i.e., a surface Sk
of thickness Dl ! 0). s k denotes the conductivity of the k-th compart-
ment (i.e., brain, skull, scalp), and ~nk ~rð Þ is the normal vector to the sur-
face Sk at location~r .~r

i
c defines the location of the c-th compartment of

the i-th neuron. The theoretical framework and numerical strategies
used to compute the surface potentials vk I;~rð Þ can be found in
Hämäläinen and Sarvas (1989).

Simulations and code accessibility
All simulations, except those using the Hay et al. (2011) model, were per-
formed in MATLAB (R2018b, The MathWorks) with custom-written
scripts. The model equations are solved using the SDETools toolbox for
the numerical solution of stochastic differential equations (https://
github.com/horchler/SDETools), with a time-step of 1 ms. All simulation
parameters are listed in Table 1 with ionic channel kinetics in Table 2.
To calculate the CSD, we created customized scripts that use the func-
tions provided in the CSDplotter toolbox (https://github.com/espenhgn/
CSDplotter), which implements the iCSD methods described by
Pettersen et al. (2006). The MATLAB scripts of the model implementa-
tion as well as for the LFPs and CSD calculations are publicly available
(https://github.com/beaherrera/2-compartments_L5-PC_model) under
the GPL-3.0 license.

A version of the boundary element method for neuronal microscopic
monopolar current sources I ~r; tð Þ used to solve the EEG forward prob-
lem was implemented in MATLAB based on the deflation method
(Hämäläinen and Sarvas, 1989) (code available on request from J.J.R.).
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The plots of the monkey’s head model and the EEG topographical maps
were generated in Brainstorm (Tadel et al., 2011).

Results
Model testing approach
Traditionally, parameter estimation of L5-PC biophysical models
is performed using quantitative strategies aimed at numerically
minimizing model prediction errors while reproducing trans-
membrane potential traces in specific experimental paradigms.
In some cases, the data are used to fit channel kinetics (Rapp et
al., 1996); whereas in others (Hay et al., 2011; Bahl et al., 2012;
Almog and Korngreen, 2014; Chua et al., 2015; Mäki-Marttunen
et al., 2018), conductance ranges are fitted with generic optimiza-
tion methods, based on known channel kinetics. However, such
a quantitative approach is very challenging if biophysical models
are used to simultaneously fit data from multiple experimental
paradigms. In such cases, a qualitative trial/error approach based
on electrophysiological knowledge about the effect that each ion
channel produces on the data are more effective (Schaefer et al.,
2003; Larkum et al., 2004; Yi et al., 2017). We will use the qualita-
tive trial/error approach as a satisfying strategy to reproduce the
six features of L5-PCs observed in various experimental para-
digms (Table 3) without a meticulous quantitative description of
the Na1-APs and Ca21 spikes. We also used previously known
channel kinetics. The rationale used to determine ionic distribu-
tions and conductances is now explained.

Ion channels for each compartment were selected based on
experimental findings and modeling studies. According to esti-
mation by Hay et al. (2011), the transient-Na (Nat)/Nap ratio
was ;20,400 pS/mm2/17.2 pS/mm2 for the soma of L5-PCs;
hence, the effect of cation influx into the soma of L5-PCS
because of the Nap channel must be minimal. It has been sug-
gested that the Nat channel is uniformly distributed along the
somato-dendritic axis (Stuart and Sakmann, 1994), playing a role
in AP back-propagation. However, a more recent numerical esti-
mation by Hay et al. (2011) suggests that its distribution from
the soma to the apical dendrite may decrease in density sharply,
from 20,400 pS/mm2 for the soma to 107 pS/mm2 for the apical
dendrites, which is in agreement with two following theoretical
studies (Bahl et al., 2012; Almog and Korngreen, 2014). The Nat
channels also decrease in density quickly from soma to basal
dendrites (Nevian et al., 2007); therefore, it was not included in
the basal compartment for the genesis of the LFP. The high den-
sity of Nat channels in the axon hillock determines its integration
properties (low threshold) and plays a role in the AP frequency.
The density of Nat channels decreases sharply along the hillock-
proximal-dendrites axis (Hu et al., 2009; Fleidervish et al., 2010).
For that reason, we included Na1 voltage-gated channels only in
the hillock while generating the LFPs.

Previous studies (Lytton and Sejnowski, 1991; Larkum et al.,
2004; Yamada et al., 2004; Hay et al., 2011; Mäki-Marttunen et
al., 2018) reported the need for the after-hyperpolarization cur-
rent (SK-type) to reproduce the f-I relationship shown experi-
mentally by the L5-PCs. Many other biophysical models have
included it to describe somatic firing properties in these cells.
Including SK channels implies a need for voltage-gated Ca21

channel, as well as other intracellular sources for cytosolic Ca21

(e.g., ryanodine-receptor, IP3-receptors, and mitochondrion). R-
type Ca21 channels, together with all high voltage-activated
(HVA) Ca21 channels, have been associated with AP firing prop-
erties (Almog and Korngreen, 2009). However, Bahl et al. (2012)
reproduced the f-I relationship without this current. Similarly,

we could describe the f-I relationship without an after-hyperpo-
larization current, by just using the classical fast inactivating Na1

and K1 delayed rectifier channels (Hodgkin and Huxley, 1952),
which exhibits a longer refractory period. We were less interested
in any differences in Na1 spike waveform because of Na-K dy-
namics since our focus was on the f-I relationship for regular
spiking cells (Guan et al., 2015).

On the other hand, the ICaL (Almog and Korngreen, 2009;
Pérez-Garci et al., 2013), the INap (Schwindt and Crill, 1995;
Crill, 1996), and the IKs (Harnett et al., 2013) currents were
inserted in the dendritic compartment to approximate the char-
acteristic shape of dendritic Ca21 spikes and their associated
properties. L-type Ca21 channels are the most relevant compo-
nent in the electrogenesis of Ca21 spikes, which are highly local-
ized in the distal trunk (Reuveni et al., 1993; Pérez-Garci et al.,
2013). In our model, ICaL defined the amplitude of the initial
depolarization phase and, together with the INap, the plateau-like
depolarization characteristic of these spikes. INap was also essen-
tial for the CF effect. A regenerative role in the apical tuft of Nap
channels has been suggested in the past (Schwindt and Crill,
1995; Fleidervish and Gutnick, 1996; Mittmann et al., 1997). Our
compartmentalization of Nap (tuft) and L-type Ca21 (distal
trunk) active currents was based on these findings and effective
for the genesis of LFP.

Low voltage-activated (LVA) Ca21 channels were not
included in the dendrites because of their very low density
(Tarasenko et al., 1998; Zhu, 2000). Several LVA and HVA Ca21

channels are localized in dendritic spines, which play a role in
synaptic plasticity (Leresche and Lambert, 2017). However,
blocking all types of HVA/LVA Ca21 channels in the tuft
with Cd21 and Ni21 has no effect on NMDA spike amplitude
or threshold (Larkum et al., 2009). Hence, a distal apical den-
dritic compartment was not included in our model.

Communication between the distal tuft and the trunk can be
nonlinearly regulated by two types of highly compartmentalized
voltage-gated potassium channels (Korngreen and Sakmann,
2000; Schaefer et al., 2007; Harnett et al., 2013): the transient Kt
(also known as IA) type and the sustained IDR-Like (also known as
Ks/Kp) type. The expression of these two channels monotonically
decreases from the soma to the apical dendrites (Korngreen and
Sakmann, 2000; Schaefer et al., 2007). However, without an out-
ward current in the apical-dendrites/trunk compartment, Ca21

spikes would not terminate. Therefore, we included the Ks cur-
rent, with kinetics reported as in Korngreen and Sakmann
(2000), which ensured a longer Ca21 spike because of its slow
inactivation. We included this particular outward current only in
the distal trunk compartment to model the LFP because of the
sharp decrease in its expression along the soma-dendritic axis
reported by Schaefer et al. (2007). IKs defined the amplitude of
the after-hyperpolarization phase of the Ca21 spikes.

Ih expression increases substantially from the soma to the api-
cal tuft (Kole et al., 2006). Hence, because of their low density, Ih
channels were not included in the basal-dendrites/soma com-
partment (Lörincz et al., 2002). In apical dendrites although Ih
channels not only increase resting membrane potential (Berger
et al., 2001), they also regulate neuronal excitability (Harnett et
al., 2015), impair temporal summation of synaptic inputs (Berger
et al., 2003), and facilitate dendritic frequency tuning (Ulrich,
2002). Additionally, Ness et al. (2018) demonstrated the direct
link of LFP low-frequency oscillations to Ih channels using the
theoretical framework proposed by Hay et al. (2011). Moreover,
this current plays a significant role in BAC firing modulation
and synaptic integration, as well as in the reported changes in
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both the CF for Ca21 spike generation (Berger et al., 2003) and
the CSD pattern evoked by dendritic Ca21 spikes (Suzuki and
Larkum, 2017).

Saganich et al. (2001) demonstrated that IM channels are
expressed in L5-PCs. Previous models (Hay et al., 2011;
Mäki-Marttunen et al., 2018) included this channel in the ap-
ical dendrites and tuft only, not in the soma, to replicate the
BAC firing feature of L5-PCs. In our model, the M-current
was needed for the Ca21 spike repolarization phase when
staircase input currents were applied to the apical dendrites.
Without this current, the dendritic membrane potential
could not complete the repolarization phase. The voltage de-
pendence of the channel kinetics at the apica-dendrites/
trunk compartment was shifted by 8mV to account for the
shift in the resting membrane potential.

We tested our L5-PC biophysical model in two steps. We first
show that the minimal model reproduces all known Ca21-de-
pendent synaptic facilitation features. We next assess further
capabilities of the model by reproducing the LFPs and large-scale
scalp EEG signatures associated with Ca21 spikes evoked by the
synchronized activation of a population of L5-PCs in a

neocortical column using a somatic current stimulation that
exceeded the CF.

Reproducing the main biophysical features in L5-PCs
f-I relationship
We first show that our model predicts the f-I relationship previ-
ously reported for L5-PCs when either the soma or the distal
trunk region is stimulated (Fig. 2A) (Larkum et al., 2004). We
injected, into the soma or the distal trunk, a staircase increment-
ing noisy input current generated using the Ornstein–Uhlenbeck
method (see Materials and Methods), with SD = 0.2 nA or SD =
0.09 nA, respectively. Figure 2B shows the Na1-AP response
(top, blue) to the somatic input current (second panel, blue). The
mean somatic Na1-AP frequency was computed for each current
step. Mean and SEM over 50 simulations were estimated (Fig.
2C). Overall, the model predicted a linear f-I relationship for the
somatic input current (goodness-of-fit R2 = 0.959) that over-
lapped measurements from two studies (Fig. 2C) (Larkum et al.,
2004; Bahl et al., 2012). Figure 2B also shows the somatic Na1-
AP response (third panel, blue) to the dendritic input current
(bottom, red). The model predicted a perfect linear f-I relationship

Figure 2. f-I relationship. A, Micrograph of an L5-PC with recording locations at the soma (blue) and distal trunk (red) indicated with diagram pipettes. B, Somatic Na1-AP responses (first

and third panels) to the staircase incremented noisy input current (second and fourth panels) injected into the soma (blue) and distal trunk (red). C, Observed (black) (Larkum et al., 2004; Bahl

et al., 2012) Na1-AP firing frequency as a function of the mean input current. Gray fill represents the range of observed values. Simulated mean and SEM spike rate over 50 trials for each cur-

rent step in the soma (blue) or distal trunk (red) compartment. Superimposed are observed (black dashed) and simulated (blue and red dashed) linear regressions. D, Current differences (DI)

between the f-I curves for somatic and distal trunk stimulation to produce the same Na1-AP firing frequency. No significant differences were found between the observed DI, numerically esti-

mated from Larkum et al. (2004) and that predicted by the model (t(5)= 2.0789, p= 0.0922, paired two-tailed t test).
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for dendritic input current (Fig. 2C, goodness-of-fit R2 = 1.00).
In agreement with experimental data (Larkum et al., 2004), cur-
rent injections at the trunk must be ;300pA larger than that
needed at the soma to produce the same Na1-AP frequency in
these L5-PCs. This effect was quantified using parameter DI,
which was calculated for all somatic Na1-AP rates from simu-
lated (N=6, DI = 0.31426 0.0140 nA) and experimental (N=6,
DI = 0.33336 0.0258nA) data (Fig. 2D). This difference was stat-
istically insignificant (t(5)=2.0789, p=0.0922, two-tailed paired t
test). Thus, our model replicates the experimental f-I relation-
ships, but it predicted a threshold for somatic Na1-AP initiation
of ;0.35 nA at trunk current injection sites, which was smaller
than the ;0.5 nA reported experimentally. This inconsistency
can be explained by the difference in the injection site along the
trunk of the actual L5-PCs used in the experiments (Larkum et
al., 2004). Current injections at sites distant to the trunk bifurca-
tion require larger amplitudes because the density of Ca21 L-
type channels may be lower. We modeled current injection at the
level of the bifurcation, which reduced the threshold required to
achieve somatic Na1-AP firing.

BAC firing
Next, we examined how our L5-PC model integrates inputs into
the distal trunk and soma (Fig. 3A). First, we stimulated the distal
trunk with a subthreshold current generated from a double-expo-
nential function of the form 1� exp �t=t 1ð Þð Þ � exp �t=t 2ð Þ with
t 1 ¼ 2ms and t 2 ¼ 10ms, and an amplitude of 0.29 nA. In agree-
ment with experimental studies (Larkum et al., 1999b; Schaefer
et al., 2003), only a small somatic and apical-dendritic/trunk

depolarization was evoked by this current injection (Fig. 3B).
Second, we simulated injection of a near-threshold current pulse
(duration: 5 ms, amplitude: 1 nA) into the soma, which elicited an
Na1-AP that propagated back to the apical-dendrites/trunk com-
partment creating dendritic depolarization but no Ca21 spike
(Fig. 3C). Third, we simulated combined stimulation with a so-
matic current pulse followed 1 ms later by subthreshold current at
the trunk. This resulted in the generation of an Na1-AP, a dendri-
tic Ca21 spike, and another somatic Na1-AP following the den-
dritic Ca21 spike (Fig. 3D). Finally, we verified that we could
evoke dendritic Ca21 spikes by suprathreshold current injections
to the trunk (Fig. 3E). Each simulated stimulation condition pro-
duced polarizations that recapitulated experimental observations.

CF for Ca21 spike generation
We next investigated the influence of the frequency of brief so-
matic current stimulation on the occurrence of Ca21 spikes. We
simulated somatic stimulation with trains of brief suprathreshold
pulses (2 ms) at different frequencies, eliciting trains of somatic
Na1-APs. As previously reported (Larkum et al., 1999a; Berger
et al., 2003), only stimulation trains above a CF (149 Hz in the
model) evoked Ca21 spikes. Figure 4A illustrates the somatic and
apical-dendritic/trunk responses to somatic stimulation below
and at the CF. Figure 4B shows the simulated intracellular Ca21

concentration dynamics for both stimulation paradigms, which
resemble experimental data (Larkum et al., 1999a).

We also studied how the CF varied in the presence or absence
of the Ih current in the distal apical dendrites. We simulated
a L5-PC without Ih current at the apical-dendrites/trunk

Figure 3. Back-propagating AP-activated Ca21 spike firing. A, Micrograph of a L5-PC with recording locations at the soma (black) and distal trunk (red) indicated with a schematic pipette.

B, Simulated (left) and observed (right) (Schaefer et al., 2003) subthreshold current injected into the apical dendrites creates only subthreshold somatic and dendritic depolarization.

C, Simulated and observed suprathreshold somatic current pulse elicits an Na1-AP that propagates back to the apical dendrites creating a dendritic depolarization but no dendritic Ca21 spike.

D, Simulated and observed combined somatic and tuft stimulation evokes an Na1-AP, a dendritic Ca21 spike, and another somatic Na1-AP following the onset of the dendritic Ca21 spike.

E, Simulated and observed suprathreshold stimulation of distal apical dendrites evokes a dendritic Ca21 spike. C, Scales are common for all simulated (left) and observed (right) results. Red

represents apical-dendrites/trunk. Black represents basal-dendrites/soma. Dashed line indicates dendritic threshold. For visualization, the;10mV shift in membrane resting potential from the

somatic to the apical-dendrites/trunk compartment was removed.
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compartment responding to the same
trains of suprathreshold currents at the
soma with different frequencies. To
quantify the CF, we measured the area
below the dendritic voltage traces,
shifting them to remove the prestimu-
lation baseline, and plotted them as a
function of AP frequency. When the Ih
current was blocked relative to present,
the CF was lower by ;40Hz (Fig. 4C).
Furthermore, we compared the CF val-
ues with and without the Ih current
predicted by our model with those pre-
dicted by experimental data from 11
L5-PCs (Berger et al., 2003) (Fig. 4D).
In both the observed and simulated
data, the CF is reduced by at least 30-
40Hz when the Ih current is blocked.
The CFs predicted by our model are
slightly higher than the observed CFs,
but they fell within the observed range.

Reproducing Ca21 spike-dependent
LFPs
To examine the capabilities of this min-
imal L5-PC model, we tested whether
nonsynaptic events, such as Ca21

spikes, can be detected in the evoked
LFPs as reported by Suzuki and
Larkum (2017). To that end, we simu-
lated a collection of 1000 model L5-
PCs (Fig. 1F). The somas of the
modeled L5-PCs were randomly dis-
tributed in-depth with a uniform prob-
ability between 1.025 and 1.450 mm.
The experimental paradigm achieved
simultaneous stimulation of the soma
of L5-PCs using optogenetics (Suzuki
and Larkum, 2017). Therefore, no syn-
aptic connections were necessary for our
simulations. Modeled L5-PCs were
stimulated with a 20ms duration current
pulse (Isinj) with stochastic amplitude at
a mean level sufficient to generate Na1-AP trains at a frequency
above the CF. The mean input current was strong enough to
generate somatic Na1-AP trains and evoke dendritic Ca21

spikes (Fig. 5A). Idinj ¼ 0 for this simulation. Figure 5B shows
the raster plots and associated poststimulus time histograms of
100 randomly selected simulated L5-PCs (top), with the timing
for typical Na1-APs and Ca21 spikes. After the somatic stimu-
lation ceased, somatic Na1-APs persisted because of the non-
linear changes in the somatic-dendritic gain.

Figure 5C illustrates the averaged LFPs across cortical depth,
evoked by 10 trials of simulated stimulation. A strong early nega-
tive LFP component was observed in lower layers (1.0-1.6 mm),
in each of the trials, accompanied by a relatively strong positive
LFP component in the upper layers. We also detected a late nega-
tive LFP component in the middle-upper layers (0.4-0.9 mm)
around the onset of the Ca21 spikes (Fig. 5B,C). CSD analysis of
the simulated evoked LFPs showed an early strong sink 1.0-1.3
mm below the pia matter, which was accompanied by two sour-
ces: one stronger at 0.7-0.9 mm and another weaker at 1.4-1.6
mm (Fig. 5D, Ih panel). According to our model, the sink was

caused by large INa inward currents at the level of the axon hil-
lock/soma because of the induced Na1-APs. The two sources
were caused by a combination of IKdr and the returning capaci-
tive/leak outward currents through the oblique dendrites and the
basal dendrites. The CSD analysis also revealed a 10–20ms
delayed sink after stimulation onset, originating;0.4 mm below
the pia matter and propagating both upward and downward
(Fig. 5D, Ih panel, and expanded plot). The sink was accompa-
nied by a very superficial (0.1-0.2 mm) source, also delayed (Fig.
5D, Ih panel). This late sink appeared during the same interval in
which the collection of L5-PCs generated more Ca21 spikes (Fig.
5B, bottom). Hence, we believe it was caused by the ICaL inward
current.

According to our model, the superficial sources resulted from
a combination of IM, IKs, and the returning capacitive/leak out-
ward currents through the apical dendrites. Because of its rever-
sal potential, the cation current Ih could be either a source or
a sink during a Ca21 spike at a very superficial level. The
CSD analysis revealed the presence of a sink/source current
density distribution (Fig. 5D) similar to that reported by Suzuki
and Larkum (2017). Because we did not include synaptic

Figure 4. Effect of somatic stimulation frequency on dendritic Ca21 spike occurrence. A, A simulated train of brief suprathres-

hold pulses at frequencies of 100 Hz (left) and 149 Hz (right) (top) was injected into soma eliciting a train of Na1-APs (black,

below). Only the 149 Hz train evoked a dendritic Ca21 spike (red, bottom). B, Intracellular dendritic Ca21 concentration during

somatic stimulation at 100 Hz (left) and 149 Hz (right), respectively. Blue lines indicate the Ca21 concentration at each time

instant of the dendritic voltage traces indicated in A. C, Integrated area below the dendritic voltage traces as a function of the

Na1-AP frequency with (blue) and without (black) the Ih current. CFs of 105 Hz and 149 Hz were obtained when Ih was present

and absent, respectively. D, Observed shift in CF after blocking Ih for 11 cells (black circles, numerically estimated from Berger et

al., 2003) and simulated with the model (blue diamonds).
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connectivity, the above results suggest that the late sink is associ-
ated with the dendritic Ca21 spikes.

As an additional test of our model, we investigated the influence
of the Ih current on the source-sink pattern generated by the dendri-
tic Ca21 spikes. We simply repeated the simulations without the Ih
current in the apical-dendrites/trunk compartment (Fig. 5D, block-
ing Ih). In agreement with the experimental data (Suzuki and
Larkum, 2017), we found a significant increase in the amplitude of
the delayed sink in the middle-upper layers (p=0.002, Wilcoxon
signed-rank test, N=10 trials). In the model, we also found that
fewer Ca21 spikes were produced (t(18) = �10.9723,
p ¼ 2:1� 10�9, two-tailed unpaired t test, N = 10 trials) when
Ih is present (NCa21�spikes ¼ 544:8064:83) than when this cur-
rent was absent (NCa21�spikes ¼ 615:1064:21). The Ih current
makes the apical dendrites more depolarized. Hence, we
would expect that, for the same somatic stimulation, more

Ca21 spikes will occur when Ih is present compared with
when the channel is blocked. However, the Ih current also
increases the electrotonic distance between the distal apical
dendritic region and the soma (Berger et al., 2001, 2003)
requiring larger somatic inputs to generate Ca21 spikes.
Evidence of this is the decrease in the CF for Ca21 spike ini-
tiation after blocking this channel (Berger et al., 2003), which
our model replicates. Contrary to the experimental results,
our model also predicted an increase in the source near to
the pia surface. The iCSD calculation uses the “method of the
image” to account for a jump in conductivity at the cortical
surface. This method depends on the actual conductivity val-
ues in the cortex and that of the substance used to keep the
craniotomy moisturized (e.g., CSF or oil). CSF was used in
the case of Suzuki and Larkum (2017). However, information
about the actual conductivities used in the iCSD method was

Figure 5. LFP and CSD derived from dendritic Ca21 spikes in a collection of L5-PCs. A, Basal-dendritic/somatic (black, Vs) and apical-dendritic/trunk (red, Vd) simulated responses of a collec-

tion of 1000 L5-PCs to suprathreshold somatic stimulation above the CF. B, Raster plots (top) and poststimulus time histogram (bottom) of 100 randomly selected L5-PCs (top) showing spike

times of Na1-APs (black) and Ca21 spikes (red). The total number of Na1-AP and Ca21 spike events every 5 ms is shown (bar plots, bottom). C, LFPs evoked by supra-CF stimulation of the

collection of L5-PCs calculated on an array of 16 microelectrodes (100mm separation). Voltage traces at each depth are averaged over 10 simulated trials, each randomly affected by system

noises in the membrane potentials and the calcium concentrations. Black rectangle represents the delayed sink associated with the dendritic Ca21 spike. The symbols ‘+’ and ‘�’ in the top-

right corner of the panel indicate positive and negative potentials relative to the horizontal gray lines, respectively. D, CSD analysis of the evoked LFPs averaged over 10 trials without (left) and

with (right) the Ih current. Blue represents sinks. Red represents sources. Top right, Expansion of the selected area to reveal the delayed sink associated with the Ca
21 spikes arising earliest 0.4

mm below the pia matter. Middle right, Plots averaged ICaL current in the trunk of the L5-PCs, showing an amplitude increase ;15-25 ms after stimulation when Ih was absent. Bottom

right, Comparison of the average with SEM of the amplitude of this current sink with and without the Ih current, which was significantly different (p= 0.002, Wilcoxon signed-rank test,

N= 10 trials). *p, 0.05. Blue bar in all the plots represents the time window for the supra-CF stimulation.
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not provided in their paper. In our simulations, we used an
infinite homogeneous volume conductor model; hence,
CSD maps near the cortical surface might be affected by
assumptions used in the source analysis. The Ih current was
crucial to produce a shifted resting membrane potential of
10 mV in the apical-dendrites/trunk compartment, which
disappeared when Ih was absent. As the trunk resting mem-
brane potential became more negative, the effect of ICaL was
larger 15-25 ms after stimulation (Fig. 5D), producing a
deeper, delayed sink during Ca21 spiking at the level of the
L5-PC trunk.

Ca21 spike-dependent scalp EEG signatures in macaque
To demonstrate the utility of this minimal model of L5-PC, we
estimated the electrical potentials measured by contacts arranged
in a 10-10 system applied to the macaque head (Fig. 6A) that are
evoked by the activation of 1000 simulated L5-PCs in a cortical
column occupying 1.6 mm in depth and 3 mm in diameter (Fig.
1F). To compare with previous results and use realistic anatomic
information (Godlove et al., 2014; Sajad et al., 2019), we posi-
tioned the simulated column in the SEF in one hemisphere of a
macaque monkey cerebral cortex (Fig. 6B). Each L5-PC was ori-
ented perpendicular to the cortical surface.

Figure 6. Large-scale EEG signatures of subcellular dendritic Ca21 spikes generated by a collection of L5-PCs located in SEF. A, Monkey’s head model with EEG electrodes positioned accord-

ing to the international 10-10 system. Tissue compartments are indicated in different colors. B, Location of the simulated functional cortical column in the SEF. Right, Expanded view of the

functional cortical column from different perspectives. C, Top, EEG potentials at each electrode resulting from brief supra-CF stimulation (blue horizontal bar) of the collection of L5-PCs simulat-

ing optogenetic stimulation in Suzuki and Larkum (2017). Scalp potentials at each electrode contact are averaged over 10 simulated trials, each randomly affected by system noises in the mem-

brane potentials and the calcium concentrations. Bottom, Topographical voltage maps illustrated for indicated times (gray vertical attached to dashed arrows). D, EEG potential sampled by

electrode F1 (circled A), which is the closest electrode to the functional cortical column. Samples are shown with (black) and without (gray) discernible Ca21 spikes.
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Figure 6C shows the simulated EEG potentials sampled at all
electrodes plus the topographical EEG maps at selected times. The
simulated L5-PC Ca21 spikes produced a positive scalp potential
reaching maximal amplitude ;10ms after the dendritic Ca21

spikes (Fig. 5B). Additional dynamics were observed in the simu-
lated EEG after the PC stimulation was removed. Furthermore,
when the population of L5-PCs was stimulated with a current that
does not initiate discernible dendritic Ca21 spikes, the amplitude
of the scalp potential was substantially smaller (Fig. 6D).

These results correspond closely to the scalp potentials
detected by Suzuki and Larkum (2017) in rats with and with-
out discernible Ca21 spikes. Our simulations show a positive
peak before the onset of the dendritic Ca21 spikes, likely
related to Na1-AP firing that was smaller in Suzuki and
Larkum (2017). We believe this peak is caused by the high
synchronization of Na1-APs in our simulations, even in the
presence of noise, which must be physiologically blurred in
Suzuki and Larkum (2017) by in vivo excitatory/inhibitory
ongoing network activity.

Discussion
Synaptic integration in apical dendrites of L5-PCs is facilitated
by unique characteristics of these neurons: (1) different sensitiv-
ity of f-I curves for the soma and distal trunk, (2) amplification
of coincident apical dendritic inputs by BAC firing, (3) a CF for
eliciting Ca21 spikes in the distal trunk, and (4) strengthening
NMDA synaptic efficacy by Ca21 spike-dependent magnesium
release and the subsequent increases in Ca21½ �i in apical dendri-
tic spines. Biophysical models with different level of complexity
have been proposed to account for particular L5-PC features
(Rapp et al., 1996; Larkum et al., 2004; Chua et al., 2015; Yi et al.,
2017) or combinations of features (Schaefer et al., 2003; Hay et
al., 2011; Bahl et al., 2012; Almog and Korngreen, 2014; Mäki-
Marttunen et al., 2018). Models explaining combinations of
features required many compartments to capture realistic L5-
PC morphology and more than four ionic channels per com-
partment (Table 3). Such complexity substantially increases
computational cost and time, challenging their use in large-
scale simulations of collections of L5-PCs. Fitting these
complex models to LFP/EEG data will imply the use of large
computational resources and advanced optimization strat-
egies, which will limit applications to study the brain at the
system level. For simplified models of PCs, we propose a new
strategy to distribute ionic and returning currents in distinct
neuronal regions. In this strategy, ionic currents are placed
according to experimental findings, and returning currents
are distributed using numerically estimated scaling coeffi-
cients, an approach motivated by a type of 3/2 power law for
intracellular impedances. The scaling factor proposed in this
paper should not be used for other types of PCs. Also, to our
knowledge, no previous model has reported the shift in the
CF because of the influence of Ih, or explained the CSD
patterns associated with dendritic Ca21 spikes evoked by su-
pra-CF somatic stimulation, or accounted for the effect of
blocking Ih (Suzuki and Larkum, 2017). We proposed a two-
compartment model of L5-PCs with seven ion channels that
explain qualitatively all the above-mentioned features.

Layer 2/3 PCs versus L5-PCs
Our model does not apply to L2/3 PCs. Although they share
many electrophysiological properties with L5-PCs, L2/3-PCs
have distinct features that differentiate their role in the cortical

microcircuit (Larkum et al., 2007). As L5-PCs, L2/3-PCs have
two excitability zones: the axon initial segment and the apical
dendrites. Large Ca21½ �i and regenerative dendritic potentials are
also evoked by back-propagating APs above a CF. Moreover, as
in L5-PCs (Pérez-Garci et al., 2006), GABAergic inhibitory
inputs to the apical dendrites cause long-lasting reduction of
dendritic activity. However, L2/3-PCs do not show a prolonged
dendritic depolarization, thus having less influence on Na1-AP
output. In addition, L2/3-PCs of rodents show a low density of Ih
channels (Larkum et al., 2007); whereas, in humans, their density
is similar to L5-PCs (Kalmbach et al., 2018).

Functional implications: microcircuitry underlying cognitive
control
Cognitive control involves the suppression of automatic or im-
pulsive behavior for successful goal-directed behavior. Some
models of cognitive control formalize this function as the

Figure 7. Cortical microcircuit for coincidence detection underlying cognitive con-

trol. The simplified diagram of circuitry embedding a L5-PC (blue) in agranular cortex

with soma (triangle) located in L5, dendrites that extend up to L1, and axons (blue

arrows) that project both intrinsically, innervating inhibitory neurons (red) and other

pyramidal neurons (data not shown) in the microcircuit, and extrinsically, innervating

other brain areas. This figure illustrates how dendritic dynamics can contribute to an

error signal. An efferent copy of a motor command is delivered through a feedforward

thalamic pathway, terminating on the L5-PC soma and apical dendrites. A task rule

signal from PFC is delivered through a feedback pathway, terminating on the L5-PC

apical dendrites. The soma of a L5-PC (blue triangle) generates Na1-APs that propa-

gate intracortically to Martinotti cells (ovals) and other inhibitory interneurons (star).

The Martinotti cells terminate on the L5-PC apical dendrites, while the other inter-

neuron terminates on the soma. Because inhibitory neurons in agranular cortex

largely make intralaminar projections, the interlaminar inhibitory projections depicted

here (dashed red lines) represent connections that are likely mediated by additional

PCs and interneurons in L3 and L5 (data not shown). The dynamics of this connectivity

induces Ca21 spikes, which amplify the coincidence of the efferent copy and the task

rule to generate an error signal. These neuronal events are signaled by the generation

of theta band LFP from deeper layers and gamma band LFP from superficial layers

(indicated by labeled oscillations).

Herrera et al. · Minimal Biophysical Model of Neocortical Pyramidal Cells J. Neurosci., October 28, 2020 • 40(44):8513–8529 • 8525



coactivation of two conflicting action plans, which need to be
resolved for correct performance (Botvinick et al., 2001).
Coincidence detection can also support error detection, a mis-
match (or conflict) between task goals and actual behavior; and
prediction error, a mismatch between expected and experienced
outcomes (Alexander and Brown, 2011; Cohen, 2014). Human
and macaque electrophysiology experiments have characterized
scalp potentials associated with these cognitive functions
(Gehring et al., 1993): N2 component for conflict detection and
ERN for error detection. While the N2 and ERN are indices of
cognitive control, studying signal processing at the microcircuit
level is essential to understanding definite mechanisms (Cohen,
2017). Our biophysical model offers a powerful tool to test differ-
ent hypotheses and instantiate circuit models motivated by
recent research sampling neural spiking and LFP across frontal
cortical layers (Chandrasekaran et al., 2017; Bastos et al., 2018;
Sajad et al., 2019).

Recent models have proposed that conflict detection can be
achieved by the detection of coincident synaptic inputs in the
mPFC (Alexander and Brown, 2011; Cohen, 2014; Dembrow et
al., 2015). L5-PCs can provide the neural substrate for the coinci-
dence detection as they have large dendritic trees that allow for
integration across inputs from cognitive, limbic, and motor
structures (Huerta and Kaas, 1990; London and Häusser, 2005;
Morecraft et al., 2012). Recently, we found that, following errors
in the stop-signal task, error-related neural spiking in SEF was
first observed in putative PCs in L5 and lower-L3 (Sajad et al.,
2019) simultaneous with current sinks in the superficial
layers where these neurons extend their dendrites (Sajad et
al., 2017), similar to those associated to Ca21 spikes. Figure 7
diagrams our conjecture on the role of L5-PCs in error detec-
tion in agranular cortex guided by the knowledge of the
microcircuitry and known anatomic connections. L5-PCs
can detect the coincidence of an efferent copy of the motor
command from the mediodorsal thalamus and the task rule
from PFC (Sajad et al., 2019). A mismatch between the two
signals can result in spiking activity that can project extrinsi-
cally to other structures (Barbas, 2015) and intrinsically to
other neurons in the microcircuit (Douglas et al., 1995;
Haeusler and Maass, 2007; Kajikawa and Schroeder, 2011).
L5-PCs are densely interconnected with each other (data not
shown), resulting in rapid synchronous excitation of a large
number of L5-PCs on receiving input currents (Hempel et
al., 2000; Wang et al., 2006; Morecraft et al., 2012). L5-PCs
are also connected to inhibitory interneurons, which control
this excitation. Noteworthy, recent evidence suggests inhibi-
tory neurons in agranular cortex support more intralaminar
than interlaminar connections (Kätzel et al., 2011; Beul and
Hilgetag, 2015). Hence, the interlaminar inhibitory projec-
tions depicted in Figure 7 represent inhibitory influences
that are likely mediated by additional PCs and interneurons
in L3 and L5 (data not shown).

We hypothesize that differences in the theta-band reso-
nance recently reported in the SEF during a saccade counter-
manding paradigm (Doubnia et al., 2019) is caused by an
excitatory influence on L5-PC apical dendrites coming from
the dlPFC, representing a learned task rule. Theta-band reso-
nance in L5-PCs has also been linked to GABA-based synap-
tic activity from parvalbumin interneurons, mediated by the
Ih current. This can be caused by sustained dendritic depola-
rizations via activation of Ih by hyperpolarizing inputs into
the apical dendrites (Stark et al., 2013). Parvalbumin inter-
neurons are homogeneously expressed in all layers of SEF

(Godlove et al., 2014). However, the inhibitory sources
underlying theta-band resonance are yet to be elucidated, as
Cohen (2014) related it to somatostatin interneurons. On the
other hand, ACh release in the PFC from basal forebrain has
been linked to attentional performance (Parikh et al., 2007)
and suggested to participate in the push-pull basal ganglia
mechanisms supporting reactive and planned eye move-
ments (Sajad et al., 2019). Evoked transient increases in ACh ac-
tivity produce prolonged dendritic depolarizations in L5-PCs by
the selective reduction of the voltage-gated potassium current IM
(McCormick and Prince, 1985). The presence of both Ih and IM
channels in L5-PCs has been linked to a suprathreshold theta-
band resonance (Schmidt et al., 2017). Inhibition of L5-PCs by
interneurons in the upper layers has been associated with the gen-
eration of gamma oscillations (Buzsáki and Wang, 2012; Bastos et
al., 2018). These oscillations result in EEG polarizations in the
gamma and theta rhythms, one of the hallmarks of error and con-
flict detection (Tallon-Baudry and Bertrand, 1999; Cohen and
Donner, 2013).

While Figure 7 provides one explanation for signal flow
within the microcircuit, it is far from complete and includes
untested assumptions. For instance, the location where inputs to
L5-PCs converge and the mechanism integrating these signals at
the biophysical level remains technically challenging to study
(Stuart and Spruston, 2015). The biophysical model proposed in
the current study provides an essential tool for further testing
and refining competing hypotheses. Future work needs also the
development of similar biophysical models for L2/3-PCs and
other neurons in the microcircuitry.

A necessary step toward understanding the origin of the ERN
The proposed model will be useful for another research goal
of developing a forward model of the ERN component.
Clearly, the EEG arises from the activity of neurons in the
brain tissue, but the detailed relationship to activity within
the neocortex remains unclear (Riera et al., 2012; Einevoll et
al., 2013). Recently, we have shown that error-related neuro-
nal spiking in the upper layers, but not lower layers, of mon-
key SEF predicts the magnitude of the ERN (Sajad et al.,
2019). Also, recent work recording from single neurons in
humans has shown coupling between error neuron activity
and intracranial EEG (Fu et al., 2019). Because of their fast
dynamics, only bursts of APs from a large population of neu-
rons can influence the EEG (Buzsáki et al., 2012); however,
postsynaptic Ca21 spikes can be observed in EEG as they are
slower events. To our knowledge, we are the first to simulate
EEG polarizations resulting from L5-PC Ca21 spikes using a
realistic monkey head model. Establishing a link between
specific microcircuit motifs and fluctuations in the EEG can
render event-related potentials more effective markers of
specific cortical processes and stronger diagnostic tools for
patients with compromised cognitive control functions.
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