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Abstract

Dendrites of cortical pyramidal cells are densely populated by hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels, a.k.a. I, channels. I, channels are targeted by mul-
tiple neuromodulatory pathways, and thus are one of the key ion-channel populations regu-
lating the pyramidal cell activity. Previous observations and theories attribute opposing
effects of the I, channels on neuronal excitability due to their mildly hyperpolarized reversal
potential. These effects are difficult to measure experimentally due to the fine spatiotempo-
ral landscape of the [, activity in the dendrites, but computational models provide an efficient
tool for studying this question in a reduced but generalizable setting. In this work, we build
upon existing biophysically detailed models of thick-tufted layer V pyramidal cells and model
the effects of over- and under-expression of I, channels as well as their neuromodulation.
We show that /, channels facilitate the action potentials of layer V pyramidal cells in
response to proximal dendritic stimulus while they hinder the action potentials in response
to distal dendritic stimulus at the apical dendrite. We also show that the inhibitory action of
the I, channels in layer V pyramidal cells is due to the interactions between [, channels and
a hot zone of low voltage-activated Ca®* channels at the apical dendrite. Our simulations
suggest that a combination of /,-enhancing neuromodulation at the proximal part of the api-
cal dendrite and /,-inhibiting modulation at the distal part of the apical dendrite can increase
the layer V pyramidal excitability more than either of the two alone. Our analyses uncover
the effects of /,-channel neuromodulation of layer V pyramidal cells at a single-cell level and
shed light on how these neurons integrate information and enable higher-order functions of
the brain.

Author summary

Neurons undergo many types of neuromodulation that regulate the neuron excitability by
enhancing or hindering the activity of different ion channels. One of the ion-channel clas-
ses that are strongly expressed in excitatory cortical neurons and strongly affected by neu-
romodulators such as dopamine or noradrenaline are the hyperpolarization-activated
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cyclic nucleotide-gated (HCN) channels, a.k.a. I;, channels. In this work, we use computa-
tional modelling to analyze the effects that the Ij, channels have on deep-layer cortical neu-
rons by simulating the blockade or various types of neuromodulation of these channels.
We show that I, channels enhance the neuron activity when the neuron is stimulated at
proximal dendrites and inhibit the neuron activity when the neuron is stimulated at distal
dendrites. We also show that the inhibitory actions of I, channels are dependent on Ca**
channels. Our analyses help to understand the effects of I;,-channel neuromodulation of
deep-layer cortical excitatory neurons and shed light on how these neurons contribute to
information processing and enable cognitive functions of the brain.

1 Introduction

In the brain, higher-order cognition and consciousness are believed to rely on the highly spe-
cialized neurons that populate the cortex, the layer V pyramidal cells (L5PCs). Thanks to their
complex morphology and connectivity, feed-forward sensory-related stimuli and feed-back
context-dependent inputs arrive at spatially distinct sections of the L5PC dendritic tree, the
former stimulating the basal dendrites and the latter largely exerting their action on the distal
apical dendrite [1]. The different inputs are integrated in the soma and together determine the
specific patterns of activity of the neuron. The effect that feedback context-dependent inputs
have on somatic excitability partly depends on hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels, a.k.a. Ij, channels. L5PCs strongly express Ij, channels in their apical
dendrite that reaches up to layer I of the cortex [2]. Moreover, the apical dendrite of L5PCs is
abundantly projected to by neuromodulatory terminals from subcortical regions, including
ventral tegmental area (VTA, dopaminergic neuromodulation) [3], basal forebrain (choliner-
gic modulation) [4], and locus coeruleus (noradrenergic modulation) [5]. The interplay
between neuromodulatory input and I,-driven communication between apical and somatic
sections confers L5PC neurons their complex integrative capacity. However, the details of the
mechanisms behind this interplay remain an open question.

Ij, channels give the neuron an extensive set of modes of excitability. A reason for this is
that they can either depolarize or hyperpolarize the cell membrane during subthreshold mem-
brane potential fluctuation. That is, their reversal potential lies between -45 and -30 mV [6, 7]
and therefore their effect on membrane excitability will depend on the electrical environment.
In addition, the Ij, channels can be modulated by several neuromodulators such as dopamine,
acetylcholine and norepinepherine [8-10]. Previous experimental work has assessed separately
the effects of I, blockage or neuromodulation in terms of their effect on somatic [11] and api-
cal dendritic [12, 13] excitability. However, the exact way in which the concurrence of the mul-
tiple factors affect the direction of I modulation on neuron excitability remains unclear.
Computational modelling offers the possibility to assess the mechanisms behind cellular elec-
trical properties, and generate testable predictions. In this work, we used biophysically detailed
computational modelling to analyze the effect of I;, channels and their neuromodulation on
L5PC activity.

To analyze the effects of I;, channels and the way they modulate L5PC excitability, we used
existing biophysically detailed neuron models of thick-tufted L5PCs with reconstructed mor-
phologies. Unlike thin-tufted L5PCs that project across hemispheres through the corpus callo-
sum, thick-tufted L5PCs express strong I, currents and mostly project to subcortical structures
[14, 15]. We determined the threshold currents or conductances for many types of stimulus
protocols in presence and absence of I, currents. In this way, we characterized the types and
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Table 1. Neuromodulators acting on I;, channels, mediated by cAMP. *Note that not all of these neuromodulatory
pathways may take place in mammalian L5PCs, and some interactions depend on the age and species (see Discussion).

Neuromodulator Receptor Effect on I,*, references
Dopamine D1 Enhancing [16, 17]
Noradrenaline B Enhancing [18]
Serotonin 5-HT7 Enhancing [19, 20]
Dopamine D2 Inhibiting [21]
Noradrenaline a2 Inhibiting [22]
Acetylcholine M2 Inhibiting [23]
Serotonin 5-HT1 Inhibiting [24]

https://doi.org/10.1371/journal.pchi.1010506.t001

locations of stimuli for which I, currents facilitate action potential (AP) initiation (i.e., are
excitatory) and those for which they are shunting (i.e., inhibitory). We also modelled the
response of the neuron when the Ij, channels were under neuromodulation. I, channels are
bound to neuromodulatory effects through the cAMP intracellular pathway. cAMP binds to
an Ij, channel and increases its open probability. We examined the effect of cAMP-enhancing
or cAMP-inhibiting neuromodulators (Table 1) by introducing experimentally observed
effects of these neuromodulators on the voltage-dependence profile of I;, channels. We showed
that I, channels shunt stimulation at the distal apical dendrite of L5PCs but facilitate the AP
induction for proximal inputs. By using two models with different Ca** channel distributions
we showed that the shunt-inhibitory effect of the I;, channels requires presence of a hot zone of
low-voltage activated (LVA) Ca®* channels at the mid-distal apical dendrite. Furthermore, we
showed that neuromodulators had a similar bimodal location-dependent effect on L5PC excit-
ability. We also demonstrated that maximal neuromodulatory effects can be brought about by
combining I;-enhancing neuromodulation at the proximal dendrite and I-inhibiting neuro-
modulation at the distal dendrite, or vice versa. Our analysis uncovers the effects that neuro-
modulation of I;, can have on L5PCs at a single-cell level. This sheds new light on how L5PCs
integrate information and enable higher-order functions of the neocortex.

2 Methods

2.1 Neuron models

We employed two models of L5PCs: the “Hay model” [25] and the “Almog model” [26]. Both
models were multicompartmental Hodgkin-Huxley type of models with reconstructed layer V
thick-tufted pyramidal neuron morphologies. The ionic current species of the two models are
listed in Table 2. In the Hay model, the ion-channel conductances were constant along the
dendrites, except for the I;, channel whose conductance grows exponentially with the distance
from the soma and the Ca®" channels where a hot zone of Conductance of apical dendritic I,
channels grew exponentially with the distance from the soma. For the Ca®* channels, a hot
zone (10x larger HVA Ca®* channel conductance and 100x larger LVA Ca** channel conduc-
tance) was present at the apical dendrite at a distance from 685 to 885 um from the soma [25,
27]. In the Almog model, there was no hot zone of Ca®* channels, but all ion-channel conduc-
tances varied spatially (usually piece-wise linear) along the dendrites [26]. The distribution of
the I, channels in the two models are illustrated in S1 Fig. In addition to describing the dynam-
ics of these ionic channels, the models also describe the dynamics of the intracellular Ca®* con-
centration, [Ca>"];, which affects the currents conducted by SK and BK channels. According to
the models, [Ca®']; is increased by the current flow through Ca*" channels, and is otherwise
decreased towards a resting-state level of [Ca®"],.
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Table 2. Current species in the Hay and Almog models.

Hay Model Almog model

Fast inactivating Na* current (Iy,,) Fast inactivating Na* current (Iy,,)

Non-specific cation current (1) Non-specific cation current (I},)

High-voltage-activated Ca** current (Icapyva) High-voltage-activated Ca** current (Icappva)
Low-voltage-activated Ca*" current (Icava) Medium-voltage-activated Ca®" current (Icanva)

Fast inactivating K" current (Ix;) Fast inactivating K" current (Ix;)

Slow inactivating K" current (I,) Slow inactivating K* current (Ixp)

Small-conductance Ca**-activated K* current (Isx) | Small-conductance Ca**-activated K* current (Isx)

Fast non-inactivating K* current (Ix,3 1) Large-conductance voltage and Ca“—gated K* current (Izg)
Muscarinic K* current (I,,,) Passive leak current (I;,1)

Persistent Na* current (I Nap)

Passive leak current (Ij,.1)

https://doi.org/10.1371/journal.pcbi.1010506.t002

The dynamics of the I, current, gated by the inactivation variable has I, = g,h(E, — V,,), is
described as follows. In both models, the variable & obeys the equation
dh 1
= _ - —h
=7 e —h)

o0

In the Hay model, A, and 7., are described as follows [25, 28]:
voff.a -V 1

m

T, eXp(_(Vofﬂa - Vm)/vslo) -1

o, = —

B, = exp(—(Vorty, = Vo) [Vios) (1)

Ty

o
hxzih
u, + B,

1
T, =—
w, + B,

with veg, = -154.9 mV, vy, , = 11.9 mV, 7, = 155.521 ms, vegrp = 0.0 mV, vgop = 33.1 mV, and
Tp = 5.18135 ms. In the Almog model, /i, and 7., are described as follows [26, 29]:

no— 1
* 1 + eXP((Vm - Voff)/vslo)

(2)

1
T =
(£ XD (Vs = Vi) Vao) + £ 5P (— (Vo = V,1) Yan))

_ (1-22°¢)/10°C
tadj = Y10

where vy = -91 mV,vg, = 6 mV, t; = 2542.5883549 ms, t; = 11.40250855 ms, Ve = 0 mV,
Vottrz = 0 MV, v, 1 = 40.1606426 mV, vy, = 16.1290323 mV, q;o = 2.3, and T = 34°C. The
reversal potential of the I, current was more depolarized in the Almog model (E; = -33 mV)
than in the Hay model (Ej, = -45 mV).
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The dynamics of the LVA Ca** current in the Hay model, gated by activation and inactiva-
tion variables m and h as I, = §cuvam*h(Ecar — V,,), is described as follows:

dm 1

T a (m, —m) (3)
dh 1
i a (h, —h) (4)

1
m, =
1+ exp((voff,m - Vm)/vslo‘m)

1 Ton diff
Tm = (Tmmin + : )
Lo : 1 + exp(_(voff,m.t - Vm)/vsla,m,t)

adj

. 1
T+ exp((Vorn = Vi) /Vaon)

T diff
. (T min + )
t . h, 1+ exp(_<voff,h‘z - Vm)/vsloﬁh.t)

adj

Th:

where vyg,,, = -40.0 MV, Vg ¢ = -35.0 MV, vogep, = -90.0 mV, vogrp = -50.0 mV, vy, ,,, = 6.0
mV, Vgo,m, ¢ = 5.0 mV, vgo p = 6.4 mV, Vg0 p, 1 = 7.0 mV, Ty, iy = 5.0 ms, 7y, giir= 20.0 ms,
Thmin = 20.0 ms, and 7y, gir= 50.0 ms. The reversal potential is dependent on the local intracel-
lular Ca®* concentration and is thus a dynamic variable—in our simulations it was typically
around 100-130 mV but could reach values as low as 40 mV in the Almog model (S12(A) and
S12(B) Fig). For the description of the other current species, we refer to the original publica-
tions [25, 26].

All simulations were run using NEURON software (version 7.8.2) with adaptive time-step
integration. Threshold currents and conductances were sought for using bisection method.
Our simulation scripts (interfaced through Python, versions 3.7.5 and 3.9.1 tested) are publicly
available at http://modeldb.yale.edu/267293.

2.2 Stimulation protocols

In Section 3.1, we stimulated the center of the soma with a square pulse current, starting at 200
ms and lasting until the end of the simulation (16 s). The spiking frequency was determined
based on the number of spikes from 500 to 16000 ms. In Section 3.2, we stimulated dendritic
sections with a short square pulse current (0.2 ms) or with a conductance-based, alpha-shaped
(time constant 5 ms) glutamatergic (reversal potential Eg,, = 0 mV) input. When choosing the
location along the dendrite the thickest dendritic section at a given distance was selected as in
[25]. In Sections 3.3-3.4, the glutamatergic synaptic inputs were modelled with more precision
(except for the simulations of Fig 5D and 5E), similar to [30, 31]: The AMPAR-mediated cur-
rents were modelled as

Iyvpar = gAMPARSAMPAR(Eglu - Vm)a

where the synaptic variable s increased instantaneously with incoming spikes and decayed

: dsaMpAR . . _
exponentially as “2A8 — — Sawpar Ot — t;.) with a time constant 7, anpar = 2 ms.

1
Ts, AMPAR
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The NMDAR-mediated currents were modelled as

1
I = E, -V
NMDAR — SNMDARSNMDAR 1+ [Mg” Jexp(—0.062/mV/V,,)/3.57mM ( glu )y

where the synaptic variables s\yypar and xaypar obeyed the following dynamics:

dSympar _

dt T SNMDAR + as‘xNMDAR(]' - SNMDAR) )
s,;NMDAR

dXympar
dt == Xnnpar T O(E — tspike)'

XNMDAR

The rise time was Ty xmpar = 2 ms and the decay time 7, xppar = 100 ms, and the rate of
current activation was set , = 2 kHz as in [30]. The NMDAR-mediated current was also used
Fig 3E in Section 3.2, where gappar = 0 uS, whereas in Sections 3.3-3.4 the conductances gan
par and gnmpar Were set the same. In simulations containing the AMPA- and NMDA -recep-
tor or GABA-receptor synapses, we distributed 2000 simultaneously activated synapses across
the apical or basal dendrite, typically restricting to distances [x;,x,] from the soma, where the
parameters x; (x-axis) and x, (y-axis) ranged from 200 um to 1300 pum in intervals or 100 ym.
In Section 3.4, we also modelled the effects of concurrent GABAergic inhibition of the basal
dendrite, which was modelled the same way as AMPAR-mediated currents but the reversal
potential was set -80 mV. The spike time ;. of the AMPAR- and NMDAR-mediated inputs
was the same (2000 ms) for all synapses, while the spike time of GABAergic inputs was ran-
domly picked between 1975-2025 ms.

2.3 Alterations of ion-channel properties

Blockage of I, We blocked the I, currents by setting the maximal conductance to 0 every-
where (unless otherwise stated) in the neuron.

cAMP-enhancing and cAMP-inhibiting neuromodulation of I, We modelled the
cAMP-enhancing modulation of Ij, by increasing the half-inactivation voltage by +10 mV or
+5 mV in the Hay or Almog model, respectively, and the cAMP-inhibiting modulation of I,
by decreasing it by the same amount. See Table 1 for the neuromodulator receptors mediating
these effects. We used the smaller voltage difference (+5 mV) for the Almog model due to the
relatively large effect of £10 mV shifts (S12(C) Fig). To model weakly cAMP-dependent I;,
channels (HCN1 homomeric channels) in S7-S8 Figs, we used smaller half-inactivation volt-
age shifts, namely +4 mV and +2 mV in Hay and Almog models, respectively.

Removal of the hot zone of Ca®" channels from the Hay model. We used the same con-
ductance of HVA and LVA Ca®" channels in the area of the hot zone as elsewhere in the apical
dendrite (gc.pva = 55.5 uS/ cm?, gcarva = 187 uS/ cm?).

Addition of a hot zone of Ca** channels to the Almog model. We adopted the LVA
Ca”" current from the Hay model in addition to the HVA and MVA Ca** currents native to
the Almog model. We added LVA Ca®" channels to the apical dendrite with a maximal con-
ductance of 300 mS/cm? for dendritic sections with a distance of 585-985 um to the soma and
3 mS/cm? for the others.

3 Results
3.1 Activation of I, increases L5PC activity when stimulated at soma

I}, blockage has been shown, both experimentally (e.g., by application of ZD7288 [32, 33]) and
computationally [34], to lead to decreased neuron spiking. Here, we replicated this result with
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our biophysically detailed neuron models of a L5SPC neuron, namely, the Almog model (Fig 1A)
[26] and the Hay model (Fig 1B) [25], by considering the f-I curve of the L5PC under various
operations on the I;, channel. See S1 Fig for the I}, channel distribution in the two models. In
both Almog (Fig 1C) and Hay (Fig 1D) models, the I, blockage made the resting membrane
potential more hyperpolarized. Moreover, a block of I;, decreased the rate of firing in response
to DC applied to soma, both in the Almog and Hay models, although the effects were consider-
ably larger in the Almog model (Fig 1E, blue) than in the Hay model (Fig 1F, blue). On the other
hand, an increase in Ij, conductances increased the firing rates in both models (Fig 1E and 1F,
red curves). Likewise, a model of neuron-wide cAMP-inhibiting modulation (half-inactivation
voltage decreased) decreased the firing rates, and a cAMP-enhancing modulation (half-inactiva-
tion voltage augmented) increased the firing rates in both models (Fig 1G and 1H). This was
also the case when I, currents were blocked or enhanced only at the dendrites (S2(A)-S2(D)
Fig) instead of both soma and dendrites: both Ij, blockage (S2(A) and S2(B) Fig, blue) and
cAMP-inhibiting modulation (52(C) and S2(D) Fig, blue) at the dendrites decreased the L5PC
firing rates, while I, over-expression (S2(A) and S2(B) Fig, red) and cAMP-enhancing modula-
tion (S2(C) and S2(D) Fig, red) at the dendrites increased the firing rates. The -10 mV shift
applied in the Hay model as a model of cAMP-inhibiting neuromodulation was in agreement
with the D2-mediated effects of 500 nM dopamine observed in [3]: our model reproduced the
numbers of spikes (7 in control case, 5 under dopaminergic modulation, see Figure 6 in [3]) in
response to 1-second stimulation (S2(E) and S2(F) Fig). Taken together, these results support
the role of I;, current as an enhancer of L5PC activity when the neuron is stimulated at the soma.

3.2 I, activation can increase AP threshold in response to apical dendritic
stimulation in an L5PC when a hot zone of Ca>* channels is present

The reversal potential of the I, typically lies in the range -45--30 mV, which grants the I, chan-
nel the possibility to shunt, that is, to inhibit inputs that would otherwise depolarize the mem-
brane to potentials higher than this. Indeed, in [35], increased I, activation by lamotrigine (an
enhancer of I, channels) application led to decreased firing response to dendritic stimuli in a
CALI neuron, and they reproduced their findings with a computational model consisting of a
realistic morphology and one type of sodium and two types of potassium channels. In line
with this, in [36], pharmacological blockage of I, increased the amplitude of distally elicited
EPSPs compared to proximally elicited ones in a CA1 neuron. Computational models have
suggested that the observed phenomena could be caused by secondary mechanisms, where a
blockage or altered expression of I, channels also indirectly affects conductance of other ion
channels, such as Twik-related acid-sensitive K" (TASK) channels [37, 38]. Here, we explored
the possibility that the inhibitory actions attributed to I, activity in L5PCs are caused by direct
shunting effects, without concurrent changes in the conductance of other ion channels.

We simulated the injection of a strong dendritic square-pulse current stimulus of 0.2 ms
duration that locally depolarizes the dendrite. We measured the somatic response in the pres-
ence of I, current and compared it to the response in absence or partial absence of the current.
We varied the site of dendritic stimulation from 50 to 1000 um with an interval of 50 um and
used the bisection method to find the AP threshold for each stimulation site.

The Almog model neuron consistently predicted that the presence of I, current facilitated
the AP initiation by a dendritic stimulus (Fig 2A-2D). Blocking the I}, currents hyperpolarized
the basal membrane potential and increased the threshold current for inducing a spike with a
dendritic stimulus at a distance of 500 um from the soma (Fig 2A). The threshold current was
increased in the Almog model across the apical dendrite (Fig 2B). For stimulation sites further
than 400-500 pm from the soma the threshold currents implied unrealistically high (> 100
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Fig 1. I, activation increases the frequency of action potentials in response to somatic DC in L5PCs. A-B: The
morphology of the Almog (A) and Hay (B) model neurons. C-D: Membrane potential time courses of the Almog (C)
and Hay (D) model neurons. E-F: The frequency of APs (y-axis) in response to somatic DC of a given amplitude (x-
axis) in Almog (E) and Hay (F) model neurons under up- or down-regulated I;, channels. Black: control neuron. Blue:
I, conductance blocked. Red: I, conductance increased by 100%. G-H: The frequency of APs response to somatic DC
in Almog (G) and Hay (H) model neurons under different neuromodulatory states. Black: control neuron. Blue:
cAMP-inhibiting neuromodulation, modelled as a -5 mV (G) or -10 mV (H) shift in half-inactivation potential of the
I, channels. Red: cAMP-enhancing neuromodulation, modelled as a +5 mV (G) or +10 mV (H) shift in half-
inactivation potential of the I, channels. The insets of panels (E)-(H) show the threshold current amplitudes for
inducing an AP. The relative changes to the threshold current amplitude of the control model are displayed next to the
corresponding bars in the insets (the threshold current amplitudes can be different from the onsets of the f-I curves
since some DC amplitudes only cause one spike). Note the difference in axes scales between the models in (E-H).
Areas under curve, Almog model: 0.76 (Ij, blocked), 3.1 (I;, under cAMP-inhibiting neuromodulation), 6.0 (control),
11.9 (I, overexpressed), and 13.1 (I, under cAMP-enhancing neuromodulation) nA-Hz. Areas under curve, Hay
model: 14.0 (I, blocked), 14.8 (I under cAMP-inhibiting neuromodulation), 15.2 (control), 15.6 (I, overexpressed),

15.6 (I;, under cAMP-enhancing neuromodulation) nA-Hz.

https://doi.org/10.1371/journal.pcbi.1010506.9001
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Fig 2. I, activation may increase or decrease the threshold for L5PC action potential firing by a strong apical dendritic input, depending on the
location of the input. A: Somatic membrane potential time courses according to the Almog model in response to 2-ms square-pulse current with an
amplitude of 100 (top), 30 (middle) or 10 nA (bottom), injected at the apical dendrite 500 um from the soma. For control neuron (black), both 30 and
100 nA stimuli induced a spike, while for I-blocked neuron (blue), 100 nA stimulus induced a spike while 30 nA stimulus did not. Scale bars 5 ms and
50 mV. B: Threshold current amplitudes for 2-ms square-pulse inputs at the apical dendrite at different distances from the soma. Black: Almog-model
control neuron, blue: Almog-model neuron with Ij, blockage. C: Peak membrane potential at the site of current injections, given the threshold-current
of (B). D: Threshold conductances for an alpha-shaped glutamatergic input with time constant 3 ms. Black: Almog-model control neuron, blue:
Almog-model neuron with Ij, blockage. E-F: Somatic membrane potential time courses according to the Hay model in response to 2-ms square-pulse
current with an amplitude of 100 (top), 30 (middle) or 10 nA (bottom), injected at the apical dendrite 500 (E) or 800 (F) um from the soma. For a
stimulus 500 pm from the soma (E), 10.0 nA stimulus induced a spike in the control neuron (black) but not in the I;-blocked neuron (blue), while at
800 pm this was reversed. Scale bars 5 ms and 50 mV. G-I: The experiments of (B-D) repeated for Hay model.

https://doi.org/10.1371/journal.pcbi.1010506.9002

mV) membrane potentials at the site of stimulation (Fig 2C). We thus confirmed our results
using conductance-based inputs: whenever a spike could be initiated by an alpha-shaped gluta-
matergic synaptic conductance, the threshold conductance was increased in the I;-blocked
model compared to the control Almog model (Fig 2D).

In contrast to the Almog model predictions, the Hay model predicted that blockage of I},
current may either facilitate or hinder the AP initiation by dendritic stimulation, depending
on the distance from the soma (Fig 2E-2I). Although the blockage of I, currents resulted in
hyperpolarization of the baseline membrane potential at a distance of both 500 and 800 pm
from the soma (Fig 2E and 2F), the threshold current was increased for stimulus at 500 um
(Fig 2E) and decreased at 800 um (Fig 2F) from the soma. Systematically calculating the
threshold currents for stimulus distances 50-1000 um revealed that this switch of I, channels
changing from excitatory to inhibitory occurred around 650-700 um from the soma (Fig 2G).
The threshold currents applied to dendritic sites further than 700 pum from the soma in the
presence of I, currents caused unrealistically high local membrane potentials (Fig 2H). We
thus replicated the result of Fig 2G using conductance-based stimuli (Fig 2I): the threshold
conductance was larger for the Ij-blocked than the default Hay model when the stimulus site
was closer than 800 um from the soma, and vice versa for stimuli further than 800 um (Fig 2I).
Notably, the distance at which Ij, became inhibitory (650-850 um, Fig 2G and 2I) coincides
with the hot zone of Ca** channels in the Hay model (685-885 um) [25].

We next analyzed the contributions of the Ca®* channels to the switch in threshold currents
between control and I;,-blocked neuron models. Complete blockage of LVA Ca** channels
radically increased the threshold currents in the I;-blocked Hay-model neuron, abolishing the
switch in threshold currents (Fig 3A). Blocking any of the other voltage-gated ion channels
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Fig 3. The shunting inhibitory effect of I;, channels is mediated by Ca>* channels in the apical dendrite. A:
Threshold current amplitudes for 2-ms square-pulse inputs at the apical dendrite according to Hay model without
LVA Ca** channels. Black: Hay-model neuron with LVA Ca* channel blockage, blue: Hay-model neuron with LVA
Ca®" and I, channel blockage. Dim curves: the data from Fig 2G where LVA Ca®* channels were intact. B: Threshold
current amplitudes according to Hay model without a hot zone of LVA Ca** channels with (black) or without (blue) I,
channels. Dim curves: the data from Fig 2G where LVA Ca®* channels had higher conductance in the hot zone (650~
850 pum from the soma). C: Threshold conductances for an alpha-shaped inputs from Fig 2D in a Hay-model neuron
without a hot zone of LVA Ca®* channels with (black) or without (blue) I, channels. Dim curves: the corresponding
data from a Hay model where LVA Ca** channels were intact. D: Threshold current amplitudes according to Hay
model without I;, currents where the conductance of the LVA Ca** channels in the hot zone was gradually reduced
toward the baseline LVA Ca®" channel conductance in the apical dendrite (0% and 100% curves are identical to the
corresponding curves in (B)). E: The time course of the inactivation variable & of I;, according to the Hay model (see Eq
4) in response to an alpha-shaped conductance (onset at t = 0 ms) of amplitude 0.01 nS. F: Threshold current
amplitudes in an Almog-model neuron where MVA Ca*" channels in the apical dendrite were replaced by LVA Ca**
channels with conductance 0.003 S/cm?, except for apical dendritic sections at a distance of 585-985 um from soma
where the conductance was 0.3 S/cm?, with (black) or without (blue) I, channels. Dim curves: the data from Fig 2B
where the Ca>* channels were as in the default Almog model.

https://doi.org/10.1371/journal.pchi.1010506.9003
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(see Table 2) from the Hay model did not change the qualitative behaviour of Fig 2G (S3 Fig).
The relatively small effects of blockade of HVA Ca** channels and SK channels was surprising
in light of our previous computational studies highlighting the role of these channels in shap-
ing L5PC activity [39, 40]. In fact, it was sufficient to only remove the excessive LVA Ca**
channels from the hot zone of Ca®* channels: when the same LVA Ca®" channel conductances
were used in the hot zone as in the rest of the apical dendrite while other ion-channel conduc-
tances were untouched, Ij, current blockage always led to an increased threshold current, simi-
lar to the Almog model (Fig 3B). We also replicated this result with conductance-based inputs
(Fig 3C). We confirmed this result by decreasing the LVA Ca®* channel conductance at the
hot zone little by little: the shunting effect of I;, current disappeared in the Hay model when
the LVA Ca®" channel conductance was reduced to approximately 30-40% from that in the
control Hay model (Fig 3D). As suggested by previous modelling work of CA1 neurons [12],
the reason behind the interaction of LVA Ca®" currents and the I, current was that in the pres-
ence of I, currents, the LVA Ca** channels were highly inactivated (see Eqs 4 and 6) at resting
membrane potential (Fig 3E). Namely, the inactivation variable 4 of the LVA currents mea-
sured 800 pum from the soma had a resting value of 0.05 in the presence of I, currents and 0.49
in the absence of I, currents (Fig 3E), suggesting many times stronger resting-state LVA cur-
rents in the I, blocked case and thus strongly facilitated Ca** spike generation compared to the
control case. We confirmed the decisive role of the LVA Ca** channel inactivation with simu-
lations of an isolated Hay-model compartment from the distal apical dendrite: when the time
course of activation variable m of the LVA Ca** channels (Eq 3) was artificially replaced by the
corresponding time course recorded in the absence of Ij, channels, the Ij-blocked dendrite
remained more excitable than the dendrite with I, channels intact, but when the time course
of inactivation variable h (Eq 4) was replaced by that recorded in the absence of I;, channels,
the shunting effect disappeared (54 Fig). In line with these observations, when a hot zone of
LVA Ca** channels was added to the Almog model, we observed a qualitatively similar switch
of threshold current amplitudes between I;-blocked and control case (Fig 3F). The Almog
model implemented with the hot zone of LVA Ca®" channels produced dendritic Ca®* spikes
that typically induced a burst of APs (S5 Fig), similar to the Hay model [25]. Taken together,
our simulations suggest Ij, channel activity can increase the threshold current in distal den-
dritic stimuli (i.e., it can have a shunting inhibitory effect on excitatory inputs) when the apical
trunk expresses LVA Ca>* channels.

3.3 Shunting inhibition by I}, current can also occur for spatially
distributed stimuli

Until now, we have stimulated the neuron with a single input in the soma or in the dendrite at
a time, while it is expected that many excitatory synaptic inputs are needed to induce an AP.
For this reason, we were not always able to initiate APs by stimulating distal dendrites without
using unrealistically strong inputs (Fig 2C, 2D, 2H and 2I). We thus went on to explore the
effects of I, channel activity on AP induction in L5PCs when the stimuli arrive simultaneously
at different locations of the dendrite. To do this, we injected AMPAR- and NMDAR-mediated
glutamatergic synaptic currents into randomly picked locations at a given distance from the
soma. For each set of synapse locations, we searched for the threshold conductance for induc-
ing a somatic AP. We repeated the procedure Nj,,, = 40 times to obtain distributions of
threshold conductances, which we used for statistical tests between I;-blocked and control
neurons.

We first distributed the synapses all along the apical (Fig 4A, cyan to blue) or basal (Fig 4A,
red to orange) dendrite and activated them simultaneously. In both of these cases, presence of
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Fig 4. I, channels can shunt spatially distributed excitatory synaptic inputs when the inputs arrive at the distal
dendrite. A: Almog- (top) and Hay-model (bottom) morphology color-coded according to distance from soma. Insets:
Membrane potentials recorded at soma (left insets) or at a distance 1000 um from the soma (right insets; exact location
of the recording marked with x” in the neuron morphology) in response to synaptic stimuli distributed across
dendritic locations 800-1200 um from the soma. Upper inset panels show the Almog model data and the lower panels
show the Hay model data; the black curves show the neuron response in presence and the blue curves in the absence

of I, currents. The synaptic conductance amplitude was 10% larger than the minimum of the two threshold
conductances (with and without I, currents) needed for a somatic AP—namely, 0.046 nS in the Almog model (upper
insets), and 0.013 nS in the Hay model (lower insets). B-E: Threshold conductance for a set of 2000 excitatory synapses
(simultaneously activated) to induce an AP in the Almog (B-C) or Hay (D-E) model in a control (black) or I),-blocked
(blue) L5PC. In (B) and (D), the synapses were uniformly distributed along the basal dendrite, whereas in (C) and (E),
the synapses were uniformly distributed along the apical dendrite. The threshold conductance was always larger in

the absence of I, channels. F: Upper left grid: The threshold conductances for a set of 2000 excitatory synapses
(simultaneously activated) to induce an AP in the Almog model. The synapses were uniformly distributed along the
apical dendrite between distances [x;,x,] from the soma where the parameters x; (x-axis) and x, (y-axis) ranged from
200 um to 1300 pm in intervals or 100 pm. In each grid slot, the color of the upper right triangle indicates the threshold
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conductance in the control neuron whereas that of the lower left triangle indicates the threshold conductance in the Ij,-
blocked neuron. Lower right grid: The factor by which the threshold conductance of the I;,-blocked neuron is larger
(red) or smaller (blue) than that of the control neuron for the stimuli distributed in sections ranging from 200-

1200 pm (y-axis) to 300-1300 pum (x-axis). These factors were calculated as fractions of the threshold conductances
Grtveshold , blocked/ Erhreshold controt- ASterisks indicate statistically significant differences (U-test, p<0.05/66). Grey squares
represent sections where the set of stimuli was unable to induce an AP for all tested conductances (until 0.1 pS) in both
I,-blocked and control L5PC. The threshold conductance was always larger in the absence of I;, channels (red squares),
indicating a weak shunting effect of the Ij, channels or no shunting at all. G: The experiment of (F) repeated for the Hay
model. The threshold conductance was larger in the absence of Ij, channels for proximal inputs (red squares) but
smaller for distal inputs (blue squares), indicating a strong shunting effect of the I, channels in the distal apical
dendrite.

https://doi.org/10.1371/journal.pcbi.1010506.9004

Ij, currents lowered the AP threshold in both the Almog (Fig 4B and 4C) and Hay (Fig 4D and
4E) models. This was expected, since we observed similar trend in the f-I curves for somatic
stimulus (Fig 1E and 1F) and in the threshold currents for proximal inputs at the apical den-
drite (Fig 2B and 2G)—and although the distal inputs showed an opposite trend in the Hay
model, the proximal inputs are likely to be more determinant for AP initiation than distal
inputs of the same strength. We next distributed the synapses on the apical dendrite at inter-
vals [x1,x,] from soma where we varied x; and x, from 200 to 1300 um (furthest point of the
apical dendrite) in intervals of 100 um. In the Almog model, I}, activity always facilitated the
neuron firing (Fig 4F), while in the Hay model, I, activity facilitated the neuron firing for prox-
imal inputs and raised the threshold for distal inputs (Fig 4G). Apart from the most distal parts
of the Almog-model neuron (Fig 4F), APs could be initiated with physiologically realistic (con-
ductance of a single synapse < 1 nS) stimulation of all parts of the dendritic trees of the model
neurons. Despite the variability in threshold conductance depending on the exact location of
the synaptic inputs at the given locations, all differences between Ij,-blocked and control neu-
rons were statistically significant (U-test, p<0.05; Bonferroni corrected by the number (66) of
statistical tests), except for the ones where no AP was initiated for any tested synaptic conduc-
tance either in the control or I-blocked neuron (grey squares in the lower right triangle of

Fig 4F). This applied also to the Almog model supplemented with densely distributed LVA
Ca** channels to form a hot zone of Ca** channels in the apical dendrite (S6(A) Fig). Taken
together, our results suggest that spatially distributed stimuli with physiologically realistic con-
ductances may be shunted by I;, channels in presence of a hot zone of LVA Ca®" channels, but
without the hot zone the I;, channels only contribute to lowering the AP threshold of spatially
distributed stimuli.

3.4 cAMP-enhancing modulation of distal dendrites and cAMP-inhibiting
modulation of proximal dendrites as well as GABAergic inhibition of the
basal dendrites strengthen the shunt-inhibitory role of I;, channels

The above analyses highlighted the bimodal effect of I, currents when the neuron was uni-
formly affected by I, blocker. However, pyramidal neurons express a large set of neurotrans-
mitter receptors that are non-uniformly distributed or selectively activated by presynaptic
connections. Here, we explored how the shunt/excitation dichotomy of the I, channels is
affected by interaction of different neurotransmitter systems in different parts of the dendritic
tree.

First, we replicated the qualitative result of Fig 4G using whole-cell neuromodulation—i.e.,
we used cAMP-inhibiting modulation of I, instead of I, blockage and cAMP-enhancing mod-
ulation as an I,-facilitator. As expected, the Hay model predicted that whole-cell cAMP-inhib-
iting modulation of I;, channels decreased the threshold for distal inputs and increased the
threshold for proximal inputs, while cAMP-enhancing modulation had the opposite effect
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