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Synaptic Input and ACh Modulation Regulate Dendritic
Ca”" Spike Duration in Pyramidal Neurons, Directly
Affecting Their Somatic Output

Amir Dudai, Michael Doron, Idan Segev, and Michael London
The Edmond and Lily Safra Center for Brain Sciences (ELSC) and The Department of Neurobiology, The Life Sciences Institute, The Hebrew
University of Jerusalem, Jerusalem, Israel 91904

Nonlinear synaptic integration in dendrites is a fundamental aspect of neural computation. One such key mechanism is the
Ca®" spike at the apical tuft of pyramidal neurons. Characterized by a plateau potential sustained for tens of milliseconds,
the Ca’" spike amplifies excitatory input, facilitates somatic action potentials (APs), and promotes synaptic plasticity.
Despite its essential role, the mechanisms regulating it are largely unknown. Using a compartmental model of a layer 5 py-
ramidal cell (L5PC), we explored the plateau and termination phases of the Ca®>" spike under input current perturbations,
long-step current-injections, and variations in the dendritic high-voltage-activated Ca®>" conductance (that occur during cho-
linergic modulation). We found that, surprisingly, timed excitatory input can shorten the Ca’" spike duration while inhibi-
tory input can either elongate or terminate it. A significant elongation also occurs when the high-voltage-activated Ca®"
channels (Cagys) conductance is increased. To mechanistically understand these phenomena, we analyzed the currents
involved in the spike. The plateau and termination phases are almost exclusively controlled by the Cagy, inward current and
the I, outward K current. We reduced the full model to a single-compartment model that faithfully preserved the responses
of the Ca®>" spike to interventions and consisted of two dynamic variables: the membrane potential and the K" -channel acti-
vation level. A phase-plane analysis of the reduced model provides testable predictions for modulating the Ca>" spike and
reveals various dynamical regimes that explain the robust nature of the spike. Regulating the duration of the Ca®>" spike sig-
nificantly impacts the cell synaptic-plasticity window and, as we show, its input-output relationship.
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Pyramidal neurons are the cortex’s principal projection neurons. In their apical tuft, dendritic Ca** spikes significantly
impact information processing, synaptic plasticity, and the cell’s input-output relationship. Therefore, it is essential to under-
stand the mechanisms regulating them. Using a compartmental model of a layer 5 pyramidal cell (L5PC), we explored the
Ca®" spike responses to synaptic perturbations and cholinergic modulation. We showed a counterintuitive phenomenon:
early excitatory input shortens the spike, whereas weak inhibition elongates it. Also, we demonstrated that acetylcholine
(ACh) extends the spike. Through a reduced model containing only the membrane potential and the K *-channel activation
level, we explained these phenomena using a phase-plane analysis. Our work provides new information about the robustness
of the Ca*™ spike and its controlling mechanisms. /
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ing a rich repertoire of electrical behavior in response to synaptic
inputs. For example, the apical dendrites express voltage-de-
pendent Na™ channels that support back-propagation of action
potentials (APs; Stuart and Sakmann, 1994). Another mecha-
nism involves the local dendritic generation of NMDA spikes
which play a key role in computational mechanisms and plastic-
ity (Larkum et al., 2009; Major et al., 2013; Doron et al., 2017).
Undoubtedly, however, the most dramatic of these dendritic
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events is the Ca®>" spike, which takes place in the cell’s nexus
(Reuveni et al., 1993; Schiller et al., 1997; Stuart and Spruston,
2015). These Ca>" spikes generate a huge depolarization in the
dendrites, which lasts for tens of milliseconds and is accompa-
nied by a significant influx of Ca** ions into the cell. The dendri-
tic depolarization associated with the Ca** spike often affects the
somatic region and leads to a short burst of axonal APs (Leleo
and Segev, 2021). Functionally, Ca®* spikes were shown to play
a central role in the transmission of higher-level top-down sig-
nals, the coupling between the soma and the apical tuft, and the
modulation of synaptic plasticity (Larkum et al., 1999, 2001;
Stuart and Héusser, 2001; Golding et al., 2002; Spruston, 2008;
Bittner et al,, 2017; Poleg-Polsky, 2019; Suzuki and Larkum,
2020; Takahashi et al.,, 2020). Modern compartmental models
were able to replicate the nonlinear Ca*" spike phenomenon
(Hay et al., 2011; Shai et al, 2015); however, a fundamental
understanding of its underlying mechanism and how various
factors can modulate it is still lacking because of challenges
involved in characterizing multiple ion channel dynamics simul-
taneously, while accounting for unknown channel densities.

Despite these challenges, numerous physiological and model-
ing studies have demonstrated that various biological factors can
control the voltage waveform of the Ca®" spike. Such factors
include the specific geometry of the dendritic tree and the spe-
cific composition of ion channels it contains (Golding et al,,
1999; Vetter et al,, 2001; Schaefer et al., 2003; Hay et al,, 2011;
Harnett et al.,, 2013, 2015; Fletcher and Williams, 2019; Galloni
et al., 2020). Inhibitory synapses and neuromodulatory signals
also shape the active dendritic properties of pyramidal cells,
influencing the excitability of the apical dendrites and the cou-
pling between the soma and the nexus (Larkum et al, 1999;
Gidon and Segev, 2012; Palmer et al., 2012; Pérez-Garci et al,,
2013; Labarrera et al, 2018; Williams and Fletcher, 2019).
Because of the relatively long duration of the dendritic Ca**
spike, various manipulations and synaptic input perturbations
may alter its stereotypical voltage waveform. Thus, each of these
manipulations can directly affect local plasticity, the communica-
tion between the soma and the nexus, and the overall output of
the cell. Therefore, examining the response properties of the
Ca”" spike to various biophysical modulations can provide key
insights into information processing in the neocortex.

A typical Ca*" spike voltage waveform can be roughly divided
into three phases: initiation, plateau potential, and termination (Fig.
1). The initiation phase of the Ca>* spike involves the interaction of
many ion channels, and it highly depends on the specific stimula-
tion that initiated the spike. Therefore, here we focus on the plateau
potential and the termination phases of the spike and explain the
underlying mechanisms that control them. Then, we examine how
different biophysical manipulations and perturbations affect the
Ca®>" spike in a model of layer 5 pyramidal cell (L5PC). We next
generate a reduced single-compartment model with two biologi-
cally-relevant variables in which the induced modulations are con-
served; this enables us to explain the Ca®* spike dynamics and its
robust responses to perturbations through a 2D dynamical system
with which we can predict the effect of further interventions.
Finally, we construct a two-compartment model consisting of a
nexus and a soma to observe the direct influence these manipula-
tions have on the number of APs, the output of the cell.

Materials and Methods

NEURON models and simulations

We used the NEURON 7.7 simulation module in Python to perform the
L5PC simulations in this work (Carnevale and Hines, 2006), along with
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Figure 1. Ca®" spike typicality. A, Morphology of L5PC model along with the current
injection and recording sites (solid line: nexus; dashed line: soma). B, Voltage traces of the
nexus and the soma during a Ca®* spike (top) following a brief synaptic-like depolarizing
current injection (bottom). €, Ca®™ spike voltage traces generated following various stimuli
combinations. The Ca®* spike can be divided into three phases: (P1) initiation, (P2) plateau
potential, and (P3) termination. D, Quantification of the variability in trace shape for each
phase in the voltage waveform, in response to a range of current stimuli.

self-written scripts in Python for the reduced model and dynamical analysis.
The code for generating all the figures and simulations is available at https://
github.com/amirdud/Ca_spike_modulation. The full L5PC compartmental
model used in this study was developed by Hay et al. (2011) and later
updated by Shai et al. (2015; channels and morphology; available
at ModelDB: https://senselab.med.yale.edu/ModelDB/showmodel.
cshtml?model=139653#tabs-1 and https://senselab.med.yale.edu/
ModelDB/ShowModel?model=180373#tabs-1, respectively). We
also modified the I}, channel dendritic distribution, as in Labarrera
et al. (2018). The L5PC model is composed of soma, axonal, basal
and apical sections (~200 compartments). Across the cell model
there are ten voltage-dependent channels (seven in the apical den-
dritic tree) and internal variables controlling the Ca*>* dynamics
(see Hay et al., 2011, for the specific parameters used for each vari-
able). To examine the Ca>* spike typicality in the L5PC model
(Fig. 1), we stimulated the soma and the nexus with various cur-
rent combinations: the soma was stimulated with current steps
ranging between 0 and 4nA (lasting either 4 or 5ms), and the
nexus was stimulated with EPSC-like double-exponent current:
0.5-ms rise time, 5-ms decay time, ranging between 0- and 3-nA
peak current (with 0- to 5-ms delay from the end of the soma stim-
ulation). The standard deviation of the voltage waveform deriva-
tives was calculated at each time point in the three phases (10 ms
for each phase).

Current perturbations and modulations of the L5PC model

The Ca>" spike in the full L5SPC model (in Fig. 2) was initiated with an
EPSC-like current in the nexus with the following parameters: 0.5-ms
rise time, 5-ms decay time, and 1.6-nA peak current. The perturbation
currents had similar time constants with peak current intensity ranging
from —1 to 1 nA (with onset delay of 5-25 ms relative to initiation). The
perturbation currents were dispersed across all apical dendrites, where
the peak intensity of each synapse was relative to each segment surface
area. The spike time duration was calculated at voltages above —40 mV.
For eliminating the APs, we set the somatic and axonal Na' and Ca?"
conductances to 0. The DC constant current stimulation ranged between
0.8 and 2.6nA, and each was spread across all neuronal segments
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Figure 2. Perturbing and modulating the L5PC Ca®* spike. 4, Changes in Ca®" spike duration following a double-exponential-current perturbation (15 ms postinitiation)
with either excitatory currents (reds) or weak inhibitory currents (blues). Top, Ca** spike voltage traces (black trace: nonperturbation; shaded area: termination), and a
quantification of the Ca?™ spike duration as a function of the perturbation-current peak. Bottom, Perturbations with no somatic APs. B, Same as A with a strong inhibitory
current. €, Same as A top, with excitatory currents at different perturbation timings. D, Change in Ca>* spike duration (%) as function of the perturbation-current peak and
the perturbation timing (dashed lines: sign transition in duration). E, Same as A top, with constant DC current at various stimulation amplitudes. F, Same as A top, with an

increase in the Cayya conductance at the apical dendrites.

(relative to the segment surface area). In the high-voltage-activated Ca*"
channels (Capva) peak conductance experiments, the values of g, - in

the apical dendritic segments were multiplied by a factor ranging
between 1 and 1.2.

Reduced models

The morphologically reduced model (Fig. 3) consisted of all nexus chan-
nels in the full L5PC model with similar peak conductance values and
Cca?* dynamic parameters (with 10-um soma diameter). To initiate a
Ca”" spike in this model, we used the following parameters: 0.5-ms rise
time, 5-ms decay time, and 0.03-nA peak current. The physiologically
reduced model (Fig. 4) was self-written in Python, where the system of
differential equations was solved using the odeint function in the Scipy
module (1.5.2). We first reduced the model to four variables, including
the membrane voltage and the dynamic variables of the I,,, and Capya
currents (V, ny,, Mcay,, and hcg,,,). The maximal conductances of I,
and Cagya were increased and balanced to compensate for the loss of
the other currents in the model (5:7.5, respectively) to g; =7.4 mS/cm®
and g, =35 mS/cm”. The following parameters were used to model
the Capva gating variables (same as Reuveni et al., 1993; Hay et al,
2011):

B 0.055 - (=27-V) .
T exp(—27 - V)/38) — 1’

B, =0.94 - exp((—=75-v)/17)

@, = 0.000457 - exp((—13 — V) /50);
B 0.0065
Bn= exp((—V —15)/28)+1)"

The parameters used to model the I, gating variable (same as
Adams et al,, 1982; Hay et al., 2011):
a, = 0.0033 - exp(0.1 - (V — 35));
B, = 0.0033 - exp(—0.1 - (V — 35)).
We calculated 7; and i, for each gating variable (where
i € {Mcayy,s NCapys » 11, }) using the following formulas:
1 . (V)

"W ST Em N T e A

The reversal potentials of the ion channels were Ex = —77mV and
Ec, = 132mV, the specific capacitance was 1 uF/cm” and the diameter
of the cell 18 um. To initiate a Ca*t spike in this model, we used the
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Figure 3.  Similar membrane currents underlie the L5PC Ca® ™ spike and the corresponding
single-compartment nexus model. A, Voltage traces of the soma (dashed line) and the nexus
(solid line) following " spike initiation in the L5PC model. B, The membrane currents
involved in the Ca®* spike in A, sorted by their peak current amplitude. €, The conductances
involved in the Ca* spike in A. D—F are the same as A—C, respectively, for the single-com-
partment iso-potential nexus model.

following parameters: 0.5-ms rise time, 5-ms decay time, and 0.4-nA
peak current. In the two-variable reduced model, we used V and #;, as
the dynamic variables with first-order dynamics of ¢, o and con-
stant value for hcgy,,, . The parameters of I, were slightly modified for
better replicating the Ca>* spike dynamics:

a, = 0.002 - exp(0.092 - (V +39));

B, = 0.002 - exp(—0.092 - (V + 39)).

The reversal potentials of the currents were Ex = —85mV and Ec, =
120 mV. To initiate a Ca®" spike in this model, we used the following pa-
rameters: 0.5-ms rise time, 5-ms decay time, and 0.4-nA peak current.

In Figure 5, this two-variable reduced model was perturbed 15ms
following the Ca®" spike initiation with currents that ranged between
—0.9 and 0.5nA (with onset delay of 10-30 ms relative to initiation).
The DC current intensity ranged between 0.02 and 0.12nA. The maxi-
mal conductance of Cayys was multiplied by a factor between 1 and 1.1
in the cholinergic modulation experiments.

2D dynamical system

The V and n;, nullclines (Fig. 6) were found by setting the time deriva-
tives of the dynamic variables (dV/dt and dny,, /dt, respectively) to 0 to
get the following expressions:

V-nullcline: nr, = (Iexf - gCuHVA MCapya,, (V)hcllmmx (VO)(V_ECu) -
8V —E1))/g;, (V- Ex)

ny,, -nullcline: n;, = a,(V)/(a,(V)+8,(V)).

The time derivative arrows were calculated for V values between
—120 and 50mV and n;,, values between 0 and 1. The initial values for
initiating the Ca®" spike were V = —30mV and n;, = 0. In Figure 7, the
nonperturbed trajectories were initiated with V = —30mV and n;, =0,
0.1, and 0.2. The {voltage shift (mV), perturbation timing (ms)} pairs of
the regeneration perturbations were the following: {—15, 5}, {—9, 10},
and {—5, 15}. The conditional stabilization perturbations were: {15, 5},
{8, 10}, {5, 15}, and {—17, 15}. The termination perturbations were:
{—45, 5}, {—35, 10}, and {—65, 2}. The reset perturbations were: {—100,
5} and {—100, 15}. In the DC current simulations (Fig. 8), we stimulated
the model with currents ranging between 0 and 0.34nA and used the
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Figure 4. Reducing the Ca®™ spike model to two biological variables (V and n,). A, The
time constants of the Cayya and I, gating variables. Left, h¢q,,, . Right, me,, (red) and n;,
(blue). B, Activation curves of mg,,, and n,, (at t = oo). ¢, (a*" spike dynamics of a
model that includes all the three gates shown in A. D, The dynamics of hc,,, (dashed red),
Mg, (solid red), and ny, (blue) for the model in C. E, Same as € but for a model with two
dynamic variables: V and nj,. F, The dynamics of mc,,, and n;, for the model in E. Inset,
The conductances of the two channels in the model.

SymPy symbolic math module (1.7.1) to compute the Jacobian matrix
and to perform a stability analysis of the fixed points. In the cholinergic
modulation simulations, we multiplied the Cayy, maximal conductance
with factors ranging from 1 to 1.76 and performed the stability analysis.

Two-compartment model

For the nexus, we used the same system of equations and parameters as
in the two-variable reduced model described above (Egs. 2, 5 in the
main text) with g, = 4.9 m§/ cm” to account for the flow of current to
the soma. For the soma, we used the classical Hodgkin-Huxley equa-
tions and parameters, taken from the Mathematical foundations of neu-
roscience book (Ermentrout and Terman, 2010). The specific capacitance
of the soma was defined as 1 uF/cm? and the diameter set to a similar
value as the nexus, 18 um. The axial connection conductance between
the two compartments was set to 0.4 mS/cm® The example perturbations
shown in Figure 9 were introduced 8 ms following the Ca®" spike initia-
tion (excitatory peak current=1.2nA and inhibitory peak current =
—0.4nA). In the acetylcholine (ACh) example shown, we used 1.07 multi-
plier for the Cayyvs maximal conductance.

Results

The Ca*>" spike phases

We first set out to characterize how robust and stereotypical the
Ca®" spike voltage waveform is. We used a prevalent compart-
mental model of L5PC (Hay et al., 2011; Shai et al., 2015), initiat-
ing Ca®" spikes in its nexus by locally injecting various
combinations of step current to the soma and double-exponen-
tial current to the nexus, mimicking EPSC. Figure 1A shows the
morphology of the L5PC model, along with the cellular locations
that were stimulated and from which voltage was recorded. An
example stimulus with its respective somatic and dendritic volt-
age traces are shown in Figure 1B. An overlay of the generated
Ca®" spike voltage waveforms showed that the Ca** spike could
be predominantly divided into three phases: (P1) initiation, (P2)
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Figure 5. Perturbations and modulations to the Ca®* spike in the two-variable reduced model. 4, Changes in Ca®* spike duration following either excitatory or weak inhibitory perturba-
tions 15 ms following the initiation of the spike. Top, Ca** spike voltage waveforms (black trace: nonperturbation; reds: excitatory perturbations; blues: weak inhibitory perturbations; shaded
area: spike termination). Bottom, Spike duration as a function of perturbation amplitude. B, Same as A with strong inhibitory perturbations. ¢, Same as A with excitatory inputs at different per-
turbation timings. D, Change in Ca* spike duration (%) across the plane spanned by the perturbation-current peak and the perturbation timing (dashed lines: sign transition in duration). ,
Same as A with constant DC current at various stimulation amplitudes. F, Same as A with an increase in the Cayy, conductance.

plateau potential, and (P3) termination (Fig. 1C). The initiation
phase, in which dendritic depolarized voltage is accumulated,
varied in shape according to the stimulation conditions.
However, the shape of the large and persistent depolarization,
the plateau potential phase that follows the Ca®" spike peak
potential, and the shape of the termination phase were robust
to different stimulation protocols. We quantified the variabili-
ty of each phase in response to various input stimulations
(Fig. 1D). Thus, the typical shape of the plateau and the termi-
nation phases of the Ca>* spike across many stimulation pro-
tocols suggest that a robust mechanism exists for sustaining
the Ca®>" spike and the activation of the currents involved.

The effect of external input and cholinergic modulation on
L5PC Ca®" spike

We examined how different synaptic perturbations and biophys-
ical conditions shape the typical waveform of the Ca*" spike.
First, we perturbed the spike during the plateau potential phase
with either an excitatory or inhibitory postsynaptic-like current.
First, we noticed that the Ca>* spike is robust to such synaptic
perturbations. The perturbations quickly died out and the mem-
brane potential returned to the original trajectory (Fig. 2A).
Nevertheless, the perturbation did have interesting and counter-
intuitive effects on the voltage trajectory: at a certain range of
perturbation timings, the duration of the Ca>* spike was short-
ened by an excitatory current during the plateau potential phase,
whereas a weak inhibitory current extended it. A strong inhibi-
tory input succeeded in terminating the spike (Fig. 2B). When
the excitatory current perturbed the Ca>* spike at a later stage of
the plateau phase, the perturbation extended the spike duration
(Fig. 2C). When we plotted the change in Ca>* spike duration as
a function of the peak of the double-exponential current and

perturbation timing, a saddle-shape effect was revealed (Fig. 2D).
Note that the effect of the perturbations is independent of the
axonal APs (Fig. 2A,B).

In addition to synaptic perturbations, a tonic depolarization
of the membrane potential by a long-step current injection also
affected the Ca®" spike (Fig. 2E). We injected a DC current step
with various intensities to the nexus of a L5PC with axosomatic
APs, and recorded the output Ca®>" waveform. As the injected
current was increased, the Ca>™ spike duration increased.

Recently it was experimentally shown that activation of cho-
linergic axons in the cortex leads to an increased excitability of
the nexus (Williams and Fletcher, 2019). This phenomenon is
mediated through an increase in the conductance of Cagya. To
replicate these findings, we increased the conductance of the
Capya in the apical dendrites of our model. In accordance with
the experimental results, an increase in the Capys conductance
extended the duration of the Ca*>* spike (Fig. 2F). We could also
achieve this effect by decreasing the conductance of K" channels,
a result that was experimentally observed and suggested as a cho-
linergic mechanism to control dendritic excitability (Friedman et
al., 1992; Reuveni et al., 1993; Hoffman et al., 1997; Hoffman and
Johnston, 1999; Delmas and Brown, 2005; Buchanan et al., 2010;
Giessel and Sabatini, 2010). To conclude, the Ca®* spike, albeit a
robust phenomenon, can be modulated by synaptic perturba-
tions, constant current, and changes in dendritic excitability
through Cagya conductance.

Toward model reduction: the membrane currents involved
in the Ca®" spike

The dynamics of the currents involved in the Ca>* spike dictate
its response to various perturbations and modulations. Figure
3A-C shows the Ca®* spike that is generated in the nexus of the
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full L5PC compartmental model, and the underlying membrane
currents and conductances. The two main currents that are re-
sponsible for keeping the plateau potential (P2) and for its subse-
quent termination (P3) are clearly the Capyy, current and the
slower K* current (I,,). The rest of the currents are mainly
involved in the initiation of the Ca®" spike (P1). For examining
the spike under simpler morphologic conditions, we used a sin-
gle-compartment iso-potential model that mimics the nexus
dynamics (see Materials and Methods). The currents and con-
ductances involved in the Ca*" spike are qualitatively similar
both with and without the complete cell morphology (Fig. 3D-
F). Therefore, the morphologically reduced model captures the
physiological essence of the Ca*" spike.

A two-variable reduced model

To further understand how various conditions affect the Ca**
spike, we set to reduce the problem not only morphologically,
as in Figure 3, but also dynamically. We included in our iso-
potential model only the two voltage-dependent currents that
are responsible for the plateau and termination phases: the
Capva current (consisting of an activation and an inactivation
gate) and the I, (controlled by an activation gate). There are
overall four variables for this system of equations: a voltage
variable and three gating variables. The dynamic equations of
this reduced system are the following (see Materials and
Methods for further details):
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the other five voltage waveforms match the labeled trajectories). ¢, Zoom-in to the excitatory and
weak inhibitory perturbations in A; each perturbation trajectory is T ms (a cirdle every 0.05 ms).
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The Ca®" spike generated by this four-variable reduced
model as well as the interplay between the gates are both shown
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Figure 8.  Constant current and Cayy, conductance affect the n;, -V phase plane. A, The effect of increasing the external constant current on the V-nulldine and the Ca*" spike trajectory in
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fixed points). B, The voltage waveforms of the Ca>" spikes in A. €, The bifurcation diagram of the system; the voltage value of the fixed points as a function of the external constant current
(black circle: stable; white circle: unstable). D—F are the same as A—C, respectively, for increasing the maximum Cayy, conductance.

in Figure 4. Further reduction of such a system can be obtained
using a separation of time scales (Rinzel and Ermentrout, 1989;
Izhikevich, 2006). Figure 4A,B focus on the time constants and
the activation curves of the gating variables in this system (see
Materials and Methods). The time constant of the inactivation
gate of the Ca>™ conductance hcy,,, is too slow to take part in
the Ca®" spike process and can, therefore, be considered as con-
stant. Thus, the only gates that control the spike’s dynamics are
the activation of the Ca>" conductance mc,,,, and the activation
of the K™ conductance 7, . The time constant of the Ca** acti-
vation variable m1c,,,, is an order of magnitude faster than the
one of n;,. The maximum value of the mc,,,, time constant is
around 7 ms, whereas at a similar voltage, the maximum value of
the 1, time constant is around 50 ms. The Ca** spike generated
by the four-variable reduced model and the interplay between
the gates are shown in Figure 4C,D. This reduced model gives
insights to the slow dynamics of the plateau potential phase of
the spike. When the spike is initiated, the mc,,,, gate opens im-
mediately. However, because of the time constant of the n;,, gate,
it opens slowly (without reaching a fully open state). In this pro-
cess, the outward current (I,, + Ijeu) slightly overcomes the
inward Cayy, current through the whole plateau-potential dy-
namics. Thus, the voltage decreases and the mc,,,, gate gradu-
ally closes, as dictated by its activation curve. An active

termination occurs when the voltage membrane potential
reaches the point at which the activation curve of the m,,,,, gate
steeply decreases. The n;, gate reacts to this drop in voltage with a
delay (but faster than the opening) until the resting membrane
potential is reached. The dynamics of the Ca** spike imply that we
can approximate it by an instantaneous activation for the mcg,,,
gate (Mcg,,, (V, 1) — Mcap, 00(V)). Taking this together with the
assumption of a constant inactivation of the hc,,,, gate
(hcayy, (V, 1) — heayy,00(Vo)), we reach a reduced model with
only two dynamical variables. This minimal model can be expressed
by the membrane voltage and the #;, activation gate (Fig. 4E,F):

av
CE = Iext 7gL(V - EL)
- gCuHVA M Cayy g 00 (V)hCaHVAOC(VO)(V - EC'I)
—&;,M,(V — Ex) ©)
d
= a,(V)(L=m,) = B,(V)n,.

This simplified model has only two biologically meaningful
dynamical variables but is sufficient for replicating the Ca*"
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Figure 9. Effect of Ca®* spike perturbations on somatic APs. A, A two-compartment model composed of the reduced nexus attached to a soma with Hodgkin—Huxley channels. B, Voltage
traces from the nexus (black) and the soma (teal) in control condition, weak inhibition (At =8 ms; perturbation peak = —0.4 nA), excitation (At =8 ms; perturbation peak = 1.2 nA), and
ACh condition (g, multiplier=1.07). , Summary of the number of APs as function of the peak perturbation current and timing (black =1 APs; gray = 2 APs; white =3 APs). D, Summary

of the number of APs as the conductance of the Cayy, channel is increased.

spike dynamics and its responses to external interventions (as
described below).

Perturbations and modulations to the two-variable model
Our reduced model, consisting of two biologically meaningful
dynamic variables, qualitatively replicates the reaction of the L5PC
Ca®>" spike to the various perturbations and modulations. Figure
5A shows the effect of excitatory and weak inhibitory current per-
turbations 15 ms postinitiation of the Ca®* spike, during the plateau
potential phase. As in the L5PC (Fig. 2A), the spike is robust to
such perturbations, while the excitatory input shortened it and the
inhibitory input extended it. However, as can be seen in Figure 5B,
strong inhibition terminated the spike. Note that in this figure, as
opposed to Figure 2B, the termination dynamics is more abrupt.
This is because of both channel dynamics and dendritic morphol-
ogy. In Figure 5B, not only that the model consists of only two
currents (I,, and Cagya), the mg,,, is instantaneous which dra-
matically restricts the termination dynamics of the spike. Moreover,
cell morphology also plays a role in this. During the Ca** spike, the
capacitance of the dendrites is charged. When specific neighboring
dendrites are being inhibited, the noninhibited sections are now dis-
charged such that they become a current source for the inhibited
dendrites. Thus, axial currents can rapidly flow into the stimu-
lated dendrites. This process slows down the hyperpolarization
and elongates the termination phase. This cannot occur in the
reduced model, where no dendritic tree exists. When the excita-
tory perturbation arrived toward the end of the spike, it
extended it rather than shortening it (Fig. 5C,D). Additionally,
different levels of tonic current injection levels evoked Ca*"
spikes of different durations. As the current level increased, the
spike duration was longer (Fig. 5E). Finally, higher levels of
8&cayy, increased the Ca®" spike duration in a similar way to the
effect in our L5PC model (and similarly, we could also extend
the spike duration with lower levels of g; in the two-variable
model). To conclude, the perturbations and modulations to the
Ca®" spike in the two-variable reduced model showed similar
effects as in the L5PC. Further analysis of the spike in this sys-
tem can help us achieve a better understanding of spike
responses and their robust nature.

Dynamical system underlying the Ca>" spike
We can now examine the effect of synaptic perturbations and
modulations on the Ca®>" spike in a 2D dynamical system that

includes the two biologically meaningful variables as discussed
above. Previous studies have used different aspects of dynamical
systems to examine plateau potentials in cells (FitzHugh, 1960;
Noble and Tsien, 1969; Morris and Lecar, 1981; Rinzel and
Ermentrout, 1989; Reuveni et al., 1993; Pinsky and Rinzel, 1994;
Izhikevich, 2006; Yi et al., 2017). However, a rigorous and spe-
cific examination of the Ca>" spike mechanism along with the
effect of perturbations and modulations to it, have not been
addressed. Figure 6A depicts the phase plane of the system which
consists of the V and »;, nullclines (where their derivatives with
respect to time equal 0), the dynamical regimes constructed by
the nullclines (defined by the direction of the variable deriva-
tives), and the Ca®" spike trajectory. The intersection of the null-
clines is the fixed point of the system (the resting membrane
potential). The phase plane is divided by the nullclines into four
regimes that control the spike trajectory: (1) regeneration, (2)
conditional stabilization, (3) termination, and (4) reset. The first
regime is the “regeneration” regime, in which the value combina-
tion of V and n;, generates a spike or revives it in the case of a
perturbation. Once the spike is generated, it passes quickly
through this regime until reaching maximum voltage while
opening the n;, gate. The second regime, the “conditional stabili-
zation” regime, is the basis for the spike robustness and is greatly
dependent on the value of #;, gating variable. In this regime, the
plateau potential occurs because of the dynamics of the model
variables: The Ca>" spike is quickly “pushed” (horizontally) to-
ward the V-nullcline (dV/dt>dn;,/dt), and the spike slowly
crawls along the nullcline because of the small positive value of
dny, /dt. This stabilization phenomenon occurs only if the n;, dy-
namical variable is in relatively low values (low enough so that the
trajectory is pushed back toward the V-nullcline). Once the ny,, is
higher than its value at the peak of the inverted U-shape (“the hill”)
of the V-nullcline, which happens around —20 mV, the spike can
no longer be stabilized and is closed. The third regime is the “ter-
mination” regime, in which all combination pairs close the spike.
Finally, the “reset” regime is responsible for setting the n;, gate
back to 0, and V back to the resting potential, i.e., the stable fixed-
point of the system under these conditions. The steep slope of the
leftmost part of the V-nullcline is the reason that almost no after-
hyperpolarization exists. Using a dynamical system for dissecting
the Ca®>" spike trajectory is not only beneficial for understanding
the mechanism of the spike, but it will also enable us to predict its
response to various perturbations and modulations.
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Perturbations and modulations to the Ca®>" spike are
explained by the dynamical system

Given the n;, -V phase-plane representation of the dynamics of
the Ca®" spike, we examined the behavior of the perturbations
and modulations from Figures 2, 5 in it. First, we considered the
effects of various instantaneous excitatory and inhibitory pertur-
bations (Fig. 7A; some of the trajectories are fully shown in Fig.
7B). We introduce the perturbations in the plateau potential
phase (shortly after the spike initiation). An excitatory perturba-
tion increases the membrane voltage and “pulls” the trajectory
away from the V-nullcline into the “conditional stabilization” re-
gime. This takes the system to an area with larger time deriva-
tives that “push” the system back toward the nullcline, but faster.
Consequently, the Ca®" spike returns to its original trajectory,
and the overall spike duration becomes shorter (Fig. 7C). Thus,
despite a “longer path” introduced by the perturbation, the larger
derivatives mean a “faster velocity” and the overall duration for
traveling this path becomes shorter. With a weak inhibitory per-
turbation, the opposite effect occurs: the duration is extended
because of the perturbation path and the smaller derivatives
along it. However, with strong enough inhibitory perturbation,
the Ca>" spike trajectory crosses the hill of the V-nullcline,
enters the termination regime, and the spike is terminated. This
observation explains the sharp boundary between inhibitory
inputs that will be recovered and will not affect the spike much,
and those that will terminate it (for comparison, see Doron et al.,
2017).

The introduction of a constant tonic DC current changes the
shape of the V-nullcline (Fig. 8A). The nullcline is shifted up ver-
tically and becomes more curved near the fixed point. The
matching voltage traces are shown in Figure 8B. Strong enough
current changes the stability of the fixed point from a stable to an
unstable fixed point (Fig. 8C), and introduces a limit-cycle state.
In this state, we obtain the experimentally observed regular train
of Ca*™" spikes (Amitai et al., 1993). Note that in Figure 5A-D,
when we introduced the double-exponent current, we, in fact,
changed the V-nullcline instantaneously. In this way, the voltage
trajectory followed the instantaneous nullcline and we could
elongate the spike when the perturbation was introduced at a late
stage of the plateau. Increasing the Capya conductance, imitat-
ing the effect of ACh, results in an upwards elongation of the
V-nullcline “hill” (Fig. 8D). Interestingly, the nullclines of #;,
and V are nearly parallel along a significant portion of the phase
plane. As a result, increasing the Cayya conductance stretches
the V-nullcline along this parallel region. This effectively
increases the duration of the plateau potential phase (Fig. 8E).
The parallel nature of the two nullclines allows for a wide
dynamic range of ACh modulation without qualitatively affect-
ing the dynamics of the system. A strong enough increase in the
Capya conductance, however, introduces two new fixed points
(Fig. 8F). As g, is increased, the middle range of the V-null-
cline (between —40 and —20 mV) becomes steeper, and therefore
for small range of conductance values (g, ~multiplier: 1.31-
1.33) both fixed points are unstable, and above this range one is
unstable and the other is stable. Thus, the spike in the model,
which lacks an inactivation gate, stays stuck at high voltage.
These new fixed points could be the basis for plateau potentials
with much longer dynamics than the regular Ca*>" spike that
were reported in the literature (Larkum et al., 2001; Gambino et
al,, 2014; Stuart and Spruston, 2015).

To observe the effects that the current perturbation and cho-
linergic modulation have on the output of the cell, we
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constructed a two-compartment model with a nexus attached to
a soma (Fig. 9A). The model consisted of our reduced nexus
with Capy, and I, channels and a soma with voltage-dependent
Na* and K currents of the Hodgkin-Huxley model (Hodgkin
and Huxley, 1952). Figure 9B shows example traces of the den-
dritic-compartment Ca>" spikes and the Na™-based APs gener-
ated at the soma. In the control condition, in the absence of
external perturbation, the Ca*" spike caused a burst of two so-
matic APs. Weak inhibition 8 ms following the initiation of the
Ca’" spike slightly extended the duration of the nexus Ca*"
spike, which subsequently added another somatic AP; however,
strong enough and timed excitatory input was able to eliminate
one somatic AP. Cholinergic modulation (modeled by an
increase of the nexus g, ) caused the number of somatic APs
to increase. A summary of the number of generated APs as a
function of the perturbation-current peak and the perturbation
timing is shown in Figure 9C. The results are in line with the
effects on the Ca*" spike observed in Figure 5. Overall, early
weak inhibition as well as late excitation resulted with more APs;
however, strong inhibition as well as early excitation resulted
with less APs. Figure 9D shows the increase in the number of so-
matic APs as the level of ACh is increased. To conclude, we saw
that the observed effect on the Ca®>" spike duration could have
significant implications on the number of somatic APs. Thus,
interventions in the Ca>" spike can directly affect the output sig-
nal of the neuron.

Discussion

The dendritic Ca®" spike is a well-explored phenomenon of py-
ramidal cells in the cortex and hippocampus as well as in
Purkinje cells in the cerebellum. However, the underlying mech-
anism that controls the spike, as well as the way various factors
affect it, are not fully understood. Here, we identified the two
main currents (Capyva and I,,) that control the plateau potential
phase of the spike and obtained a morphologically and physio-
logically reduced model that replicated it. This model includes
two interpretable and biological dynamic variables (V and #n;),
which allowed us to closely examine the spike responses to vari-
ous perturbations and modulations and the interactions between
the variables. The trajectory of the Ca>* spike in a 2D phase
plane provides us with insights into ways to regulate and modu-
late the dendritic spike, and by that to directly change the cell’s
output.

Robustness of the Ca*>" spike

We identified four regions in the n;, -V phase plane: “regenera-
tion,” “conditional stabilization,” “termination,” and “reset.” In
the “conditional stabilization” regime, the strong voltage deriva-
tives, relative to the n, ones, “push” the spike toward the V-null-
cline, where the derivatives are small. This generates the crawling
dynamics along the V-nullcline and the slow plateau potential
phase. This is the source of the apparent stability of the plateau
potential. At this stage, many types of perturbations may affect
the spike, but its general trajectory is preserved, even in response
to relatively large perturbations. Weak inhibitory instantaneous
perturbations move the spike to the “regeneration” region and
the spike returns to its trajectory. Excitatory instantaneous per-
turbations bring the spike to the “conditional stabilization”
region, from which the spike also quickly returns to its trajectory.
It is important to realize that in a cell with a realistic morphology,
the effect of perturbations is more complex. With a realistic mor-
phology the spatial and temporal specificity of the perturbation

» «
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plays a crucial role. Unlike NMDA spikes, which locally occur in
a specific dendritic branch and are easier to regulate (Larkum et
al.,, 2009; Doron et al., 2017), Ca*>" spikes are a spatially broader
phenomenon and therefore terminating it requires a strong tem-
porally coherent inhibitory synaptic input. An acute focal space-
limited inhibition will have a more minor effect on the Ca**
spike, as other dendrites can serve as a current source to the
inhibited cell section to compensate for the perturbation. Note
that inhibitory synaptic inputs may have a much stronger effect
during the initiation phase of the Ca®" spike (Larkum et al,,
1999; Palmer et al., 2012), an effect that was not studied here.

In addition to this robustness to perturbation, the shape of
the Ca®™" spike is also robust to changes in Cayy, conductance.
This interesting phenomenon stems from the nearly parallel lines
in the middle range of the V-nullcline and the n; -nullcline
(between —40 and —20mV). As observed in Figure 8D, an
increase in Cayya conductance elongates the duration of the pla-
teau phase of the Ca®>" spike by an increase in the V-nullcline
hill. If the angle between the lines was smaller, there would be a
narrower dynamic range for changes in conductance before
another stable fixed point would be created by the intersection of
the nullclines. Therefore, ACh, which modulates Capy, con-
ductance in the apical dendrites (Williams and Fletcher, 2019),
can control the Ca** spike waveform in a precise manner. It
may be tempting to think about this new stable fixed point as a
spurious fixed point, as the membrane potential cannot get stuck
in high membrane potential values. However, this fixed point
may explain the long tonic potentials observed in several studies
(Larkum and Zhu, 2002; Lee et al., 2012; Bittner et al., 2017), and
since the channels do inactivate (albeit slowly), the inactivation
will eventually force the termination of these long potentials.

Although the initiation of a Ca** spike involves many cur-
rents, our analysis explicitly indicates the effect of channel recov-
ery on the generation of a subsequent spike. The duration, as
well as the initiation threshold, are closely dependent on the time
from the previous Ca®>" spike. As can be seen in Figure 6,
because of the V-nullcline shape, a subsequent spike is predicted
to be shorter and should require more current for initiation. The
influence of the previous Ca** spike becomes weaker as the spike
progresses toward to the resting membrane potential and the
channels are in the process of recovery. In this way, variability in
the duration of the Ca** spike can be introduced.

Model assumptions and limitations

Our analysis of the main currents involved in the Ca*" spike
pointed out the I, and Cayy, currents. This conclusion is de-
pendent on the voltage-dependent conductances used during the
optimization process of the L5PC model by Hay et al. (2011). It
should be noted that the role I, has in our analysis can be
replaced with any voltage-dependent or Ca®*-dependent K™
channel that has an order of magnitude longer time constant
than that of the Capy channel in the apical dendritic tree of a
pyramidal cell. For example, BK-type Ca®"-dependent K -chan-
nel (Golding et al., 1999; Bock and Stuart, 2016), which opens
because of the Ca®" influx during the spike, could take the role
of I, in our model. However, such Ca”"-dependent K would
likely preclude the 2D phase-plane analysis as the relation
between K current and voltage would be more complex.

In this work, we examined analytically the effect of perturba-
tions and modulations on the Ca>" spike. Static variables, such
as the structure of the cell, its dendritic load, and the level of
soma-nexus coupling, also have a significant influence on the
spike (Larkum et al., 1999; Vetter et al., 2001; Schaefer et al.,
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2003; Galloni et al., 2020); however, the inclusion of geometrical
aspects of the cell requires a high dimensional system, which is
not amenable for phase-plane analysis. In addition, in this study,
we focused on the plateau potential and termination phases of
the spike. The initiation phase, which is highly stimulus-specific
and involves more ion-channels, is beyond the scope of this
work and should be further examined. We saw that an increase
in Cayya conductance increases the duration of the spike.
However, different phases can be a target to other modulatory
interferences. For example, it is expected that the initiation phase
will involve I}, (Harnett et al., 2015; Labarrera et al., 2018), and
therefore, norepinephrine may serve as the initiation probability
“knob,” whereas ACh is the duration “knob” that comes into
play once the spike was generated. The difference in cholinergic
control on the soma and the apical dendrites (Williams and
Fletcher, 2019) suggests that local cholinergic control may partic-
ipate in such mechanisms. An example for a potential source are
local cortical VIP"/ChAT™" interneurons that project to layer 1
of the cortex (Obermayer et al., 2019; Dudai et al., 2020, 2021;
Granger et al,, 2020). Future work should closely examine the
relationship between the spike properties and the ionic currents
flowing in and out of the cell, and specifically Ca** currents.

Any perturbation or modulation of the Ca®" spike affects the
amount of Ca>" that enters the cell, and therefore is likely to
directly affect synaptic plasticity (Golding et al., 2002; Kampa et al.,
2006; Bar Ilan et al., 2011; Bittner et al., 2017). For example, our
results indicate that the specific timing of synaptic input relative to
the Ca*" spike initiation may change its duration, suggesting a new
type of spike-timing-dependent plasticity mechanism for distal syn-
apses, which could lead to an enhancement or reduction of synap-
ses. This capacity to regulate the spike duration may introduce a
fine-tuning mechanism for learning rules in cortical networks and
increase subtleties that are not addressed by Hebbian plasticity rules
(Froemke et al, 2005; Sjostrom and Héusser, 2006; Magee and
Grienberger, 2020; Bicknell and Hausser, 2021). Additionally, this
variability in duration may also have significant functional implica-
tions on animal perception. Longer spike durations mean longer
amplification of distal synapses, supporting the association between
top-down and sensory information (Larkum, 2013; Suzuki and
Larkum, 2020). Dendritic Ca** events in L5PCs directly affect per-
ceptual detection tasks in mice, promoting communication with
sub-cortical areas (Takahashi et al., 2016, 2020), and regulating this
mechanism will be beneficial for precise sensory interactions of the
animal with its environment.

The Ca®" spike is a prominent event in the activity of the py-
ramidal neuron, which has a significantly longer timescale than
the millisecond axonal APs. In this work, we explain the mecha-
nism for the robustness of the Ca®" spike and suggest ways to
control its final waveform. These natural perturbations have clear
effect on the output of the neuron as demonstrated in Figure 9.
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