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Abstract An externally-applied electric field can polarize
a neuron, especially a neuron with elongated dendrites, and
thus modify its excitability. Here we use a computational
model to examine, predict, and explain these effects. We
use a two-compartment Pinsky-Rinzel model neuron polar-
ized by an electric potential difference imposed between its
compartments, and we apply an injected ramp current. We
vary three model parameters: the magnitude of the applied
potential difference, the extracellular potassium concen-
tration, and the rate of current injection. A study of the
Time-To-First-Spike (TTFS) as a function of polarization
leads to the identification of three regions of polarization
strength that have different effects. In the weak region, the
TTEFS increases linearly with polarization. In the intermedi-
ate region, the TTFS increases either sub- or super-linearly,
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depending on the current injection rate and the extracellu-
lar potassium concentration. In the strong region, the TTFS
decreases. Our results in the weak and strong region are
consistent with experimental observations, and in the inter-
mediate region, we predict novel effects that depend on
experimentally-accessible parameters. We find that active
channels in the dendrite play a key role in these effects.
Our qualitative results were found to be robust over a wide
range of inter-compartment conductances and the ratio of
somatic to dendritic membrane areas. In addition, we dis-
cuss preliminary results where synaptic inputs replace the
ramp injection protocol. The insights and conclusions were
found to extend from our polarized PR model to a polarized
PR model with [;, dendritic currents. Finally, we discuss the
degree to which our results may be generalized.

Keywords Electric fields - Excitability - Hippocampus -
Pyramidal neurons

1 Introduction

Neurons, whether in the intact nervous system or in exper-
imental preparations, are commonly subjected to electric
fields. These electric fields may be external or endogenous.
External sources may be environmental (e.g. power lines,
wireless transmissions), or be clinically or experimentally
applied. Electric fields are applied to the surface of the brain
to affect cortical regions, and probes have been implanted
to stimulate sub-cortical regions. Electrical stimuli are cur-
rently being used in a number of therapies including those to
alleviate depression and the effects of Parkinson’s disease.
In addition, the search for a viable means of controlling
seizures has led to a number of experiments involving
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electrical stimuli, both in vitro and in vivo, as well as human
trials (for a review see Han et al. 2014).

Existing therapies using Deep Brain Stimulation (DBS)
for Parkinson’s disease, depression, and experimental
human trials for seizure control use oscillating electric
fields. However, there have been some promising experi-
ments where epileptiform activity was suppressed through
the application of constant electric fields or constant fields
applied in pulses at very low frequencies. These experi-
ments include placing a hippocampal slice between elec-
trodes to establish a DC field (Bikson et al. 2004; Gluckman
et al. 1996, 2001; Ghai et al. 2000), and applying a sin-
gle DC pulse onto a Cs* model of epilepsy (Mikkelsen
et al. 2013). In vivo experiments include polarizing low-
frequency electric fields (PLEF) in a rat model of epilepsy
(Sunderam et al. 2009; Richardson et al. 2003).

Therapeutic methods that are applied proximally to the
scalp and act on the cortex are attractive since they are non-
invasive. One such method is Transcranial Direct Current
Stimulation (tDCS). Typically tDCS uses two electrodes
positioned on top of the head, and current flows from them
through the skull, with a fraction of the current reaching the
cortex. The electric fields and induced polarization on corti-
cal neurons due to tDCS are estimated to be low, with fields
of less than 1V /m and cell membrane polarization less than
1mV (Bikson and Rahman 2013; Miranda et al. 2006).

Endogenous electric fields include those associated with
the normal rhythmic activity of populations of neurons (e.g.,
the theta and gamma rhythms). In the hippocampus, endoge-
nous field strengths range from about 2-70 mV/mm in
amplitude (Weiss and Faber 2010). The susceptibility of
the somatic transmembrane potential to be polarized has
been estimated for both DC and AC fields. The polariza-
tion of CA3 pyramidal somata to a DC field has been found
to be nearly linear up to, at least, 16 mV/mm, yielding a
constant susceptibility or polarization length of 0.18 mm.
Deans et al. (2007) and Radman et al. (2007, 2009) have
measured hippocampal and cortical pyramidal neurons and
found their polarization lengths to be between about 0.1 mm
and 0.5 mm, and most frequently near 0.2 mm. For AC
fields, the susceptibility is frequency dependent with higher
frequencies being less polarizing as the neuron acts as a
low-pass filter. At 10 Hz, the polarization length is about
0.225 mm, and at 100 Hz it is 0.05 mm (Deans et al.
2007). In addition, near constant uniform fields have been
detected up to 7.5 mV/mm and associated with changes in
the potassium concentration that emerge along with neural
hyperactivity (Dietzel et al. 1989).

Despite its importance, our understanding of how electric
fields interact with and affect the functioning of neural pop-
ulations remains incomplete. An understanding of such phe-
nomena and their potential medical implications requires a
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careful analysis of effects on both single neurons and pop-
ulations due to electric fields with a range of amplitudes,
frequencies, and waveforms. Here we focus on the sim-
plest case of a single neuron subject to a constant uniform
field. This study serves as a step towards understanding the
excitability of elongated neurons with active dendrites sub-
ject to electric fields. The results here may be relevant to in
vivo and in vitro work involving DC fields.

In response to a uniform electric field, charge within a
cell spreads out along the field lines until an obstruction
such as a cell wall is encountered. The resulting charge
distribution creates polarization within the neuron. Here,
when we speak of polarization, we are referring to the shift
in membrane potential due to imposed differences in the
extracellular potential along the neuron. The sensitivity of
neurons, particularly elongated pyramidal neurons, to even
low amplitude electric fields has been shown experimentally
(Francis et al. 2003). Computational models of polariza-
tion and its effects on single neurons have ranged from a
detailed finite-element model (Pucihar et al. 2009) to single-
compartment models (Berzhanskaya et al. 2007; Reato et al.
2010). Another approach has employed multi-compartment
models with an electric potential applied across the com-
partments. These compartment models have varied in com-
plexity from two-compartment models (Gluckman et al.
1998; Park et al. 2003, 2005) to a 19-compartment model
(Traub et al. 1985a, b). Several studies, including this
one, use the model of Pinsky and Rinzel (1994), which is
itself a simplified version of the 19-compartment model of
Traub et al. (1991). Recently a bifurcation study of neu-
ral excitability in response to polarization has been applied
to a two-compartment modified Morris-Lecar model with
passive dendrites (Yi et al. 2014).

Experiments (Bikson et al. 2004; Radman et al. 2007,
2009) have shown that as long as the polarization is not
too great, the somatic transmembrane potential of pyrami-
dal neurons at rest is linearly proportional to the degree
of polarization. In addition, changes in spike timing in
response to an injected ramp current were found to vary
linearly with polarization in the range studied, which was
3-5 mV. These results could be explained by a simple leaky
(i.e. passive conductance) integrate-and-fire model. Accord-
ingly, we define the weak polarization region as those values
of polarization for which the neuron behaves passively, i.e.,
the membrane conductances remain constant. Systematic
measurements of the size of this linear response region
are lacking, as they have not been the focus of previously
published work.

The emphasis on smaller electric fields is understand-
able. Many medical applications seek the least invasive
methods. Also, endogenous field effects such as the gamma
and theta oscillation in the hippocampus are often only
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Fig. 1 Two-compartment Pinsky-Rinzel model neuron with electric
field. Arrows denote the direction of the currents during stimulation
from rest. Differences in potential along the body of a neuron out-
side the neural membrane induces a polarization within the neuron.
Polarization induces a current between the two model compartments.
All the active currents in the model involve cations so inward arrows

several millivolts in amplitude (Csicsvari et al. 2003) and
thus probably within the passive region. We may estimate,
however, that there exist some instances for which a neuron
might experience polarization outside the passive region.
As mentioned above, the polarization length of pyrami-
dal neurons in a uniform field has been measured between
0.1 mm and 0.5 mm. Experiments on hippocampal slices
have used field strengths exceeding 100 mV /mm (Bikson
et al. 2004; Richardson et al. 2005) implying that pyrami-
dal neurons may have experienced polarizations in excess
of 50 mV. Very low frequency pulses were applied to the
Rat hippocampus yielding an estimated 16-20 mV /mm
electric field (Sunderam et al. 2009). For moderate to
high polarization lengths, such a field would induce a

Dendrite

are depolarizing and outward hyperpolarizing. Active currents in
the soma are the depolarizing sodium (Na) and the hyperpolarizing
potassium-delayed rectifier (K-DR). In the dendrite the calcium (Ca)
current is depolarizing while the potassium after-hyperpolarization and
potassium-calcium (K-C) are hyperpolarizing. /s and I; include any
constant baseline currents as well as any stimulating currents

polarization outside of the weak region. The polarization
of a pyramidal neuron in the hippocampus due to oscil-
lating endogenous fields is harder to estimate. As noted
above, the polarization decreases with increasing frequency
and the largest amplitude endogenous fields, sharp waves,
and epileptic discharges are associated with higher fre-
quencies (> 50 Hz). To exceed the outer limit of the
weak polarization region, 5 mV, at the maximum estimated
endogenous field amplitude of 70 mV /mm, a sensitivity
of at least 0.07 mm is required. The 0.07 mm is, in fact,
what was measured for a CA3 pyramidal cell at 50 Hz
(Deans et al. 2007).

In this study, we explore the effects and underlying mech-
anisms over a broader range of polarizations, with emphasis
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Fig. 2 Summary schematic of computational protocols used to char-
acterize how polarization affects excitability. Iy ;,;(¢) is the ramp
current injected into the soma and is equal to I, + Mt — 1)
where M is in nA/ (cm2sec). The Time To First Spike (TTES) is
defined as the time it takes for the model neuron’s somatic membrane

potential to pass through a predefined threshold value. This paper will
be concerned only with the dynamics driving the polarized neuron
from rest to first spike. The TTFS was insensitive to soma potential
thresholds above 10 mV
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on the effects beyond the weak polarization regime. We
use the model of Pinsky and Rinzel (1994) and modify
it to allow for an imposed extracellular potential differ-
ence between the two compartments. Polarization is then
parametrized by this potential difference. With this model
we study how polarization affects excitability and how
changes in the extracellular potassium concentration and the
rate of stimulating current injection modifies these effects.
We chose the Pinsky-Rinzel (PR) model because it has
the minimum number of compartments (two) needed to
explore the effects of polarization on a neuron with dis-
tinct and spatially segregated ion channels. Furthermore, the
PR model uses experimentally-derived ion channel kinetics
to model specific currents, allowing for a more physiologi-
cal interpretation compared to simplified lower-dimensional
models.

In Section 2 (Models and Methods) we derive the polar-
ized PR model, present our stimulation protocol, define
the time-to-first spike (TTFS), and discuss our numerical
methods. In Section 3 (Results) we present curves of TTFS
as a function of polarization for different injection rates
and extracellular potassium concentrations. We perform our
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Fig. 3 For decreasing values of V(j’;”, the TTES increases linearly
until about —4mV. As V5! continues to decrease below this value, the
TTFS curves display either sublinear (a, b, d) or superlinear (c¢) behav-
ior depending on the rate of current injection (M) and the potassium
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computations over a range of inter-compartmental conduc-
tances and ratios of somatic to dendritic membrane surface
area. These results are first computed using a commonly-
used current injection protocol that might be amenable
to experiment. To examine a more biologically plausible
model, we subject the polarized model neuron to synaptic
(AMPA) excitation. Lastly, we see how our results change
when we introduce [ currents into the dendritic compart-
ment. In Section 4 (Discussion), we summarize our results
and consider how they might be generalized to biological
neurons.

2 Models and methods

2.1 Polarizable pinsky-rinzel model: approach
and computational methods

In the PR model, the primary ionic mechanisms for depo-
larization are the sodium ion channels of the soma and
the calcium channels of the dendrite. Hyperpolarizing cur-
rents are provided by the Ix 4y p and Ix_c in the dendrite

b M = 0.8 u Alicm? s) Ek=-25 mv
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reversal potential Eg. Here, as for all the computations in this paper,
I, = —0.5 wA/cm?. The weak, intermediate, and strong, polarization

regions are labeled
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and Ig_ppg in the soma. Current between the somatic and
dendritic compartments flow passively in proportion to the
potential difference. The somatic and dendritic membrane
potentials, the calcium level in the dendrite, four voltage-
dependent gates, and one calcium-dependent gate constitute
a system of eight coupled ordinary differential equations. In
this paper, we focus on the effects that polarization induced
by electric fields have on a neuron’s dynamics. The source
for the electric field, how it couples into the extracellu-
lar medium and how charge redistributes itself around the
neural membrane will not be considered (for details into
field calculations see for example (Holt and Koch 1999;
Tranchina and Nicholson 1986; Vigmond et al. 1997). The
component of the electric field relevant to the neural dynam-
ics is along the soma-dendrite axis and is modeled by

the outside potential difference between the soma and the
dendrite, V"', The polarization is then parameterized by
vour,

We modify the PR model to accommodate this polariza-
tion between compartments as was done in Gluckman et al.
(1998) and Park et al. (2003, 2005). The transmembrane
potential is defined by the difference in potential across the
cell membrane.

Vs — me _ ‘/S{)ut (la)
Vg = Vir —you (1b)

Membrane channels are functions of the transmembrane
potentials. However, current flowing passively between
the two compartments is proportional to the difference in

M=0.8 zA/(cm? s)
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Fig. 4 Spike behavior for two sublinear profiles, A and B. For both
profiles M = 0.8 wA/(cm?s). Ex = —45mV for A and EK = —25
mV for B. All parameter values are the same as that used in Fig. 3a
and b. Here, however, the integration is continued past the TTFS with
a constant current injection = M - TT F'S. Filled symbols denote peri-
odic spiking or busting, and open symbols denote an isolated spike or

burst, or that activity was at such a low frequency that no other spikes
appeared during the 10 second run-time. Shapes symbolize number
of spikes within a particular waveform (< 20ms): diamond denotes a
single spike, circle denotes a spike doublet, and triangle denotes 3 or
more spikes (e.g. a burst). The third column of plots is a magnification
around a spike in the second column of plots
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their intracellular potentials, V" and V". The original PR
model, as in most models, implicitly assumed a constant
extracellular potential, V' = V¢’ In this case, the intra-
cellular potential between compartments, (Va’,” — V"), is
equal to the difference in transmembrane potentials, (V; —
Vs).

Allowing for our compartments to have two different
extracellular potentials, we define the potential difference
directly outside the dendrite and soma as V' = Vo —
Vvout . With the inter-compartment conductance given by

gc and p defined as the fraction of somatic surface area
to the total cell surface area, the current out of the den-
drite and into the soma is defined as [}] and is given
by:

I = % (vir = vi") )

_ % (Va = Vs + V3.

M=0.3 uA/(cm2 s)
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Fig. 5 Spike behavior for a sublinear profile, A, and superlinear pro-
file, B. Both profiles use a slow injection rate, M = 0.31A/(cm>s).
For profile A Ex = —25 mV and for profile B Ex = —45 mV. All
parameter values are the same as that used in Fig. 3a and b. Here, how-
ever, the integration is continued past the TTFS with a constant current
injection = M -TT FS. Filled symbols denote periodic spiking or bust-
ing while open symbols are isolated spike or bursts or, at least, with a
period greater than 10 s. Shapes symbolize number of spikes within a
particular waveform (< 20 ms): diamond denotes a single spike, circle
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denotes a spike doublet, and triangle denotes 3 or more spikes (e.g. a
burst). The third column of plots is a magnification around a spike in
the second column of plots. Notice how the superlinear profile exhibits
isolated spikes at weak polarizations and periodic spiking near the end
of the intermediate region. While the sublinear profile exhibits periodic
spiking/bursting at weak polarizations and isolated spikes in the inter-
mediate region. Superlinear and sublinear profiles show qualitative
differences in both spike behavior and TTFS (see Fig. 6)
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The polarized PR model follows,

Cn - dVS/dt = IsLeak(Vs) + INa(VSa h)
+ix_pr(Vs,n) + I} + Isinj (1),  (3a)

C - dVd/dt = Lireak(Va) + Ica(Vq, s) (3b)
+ixk—anp(Va,q) + Ik—c(Vy, Ca, c)
_gin P
ds 1 _ ,0
dCajdt = —0.131cq — 0.075Ca Ge)

Ca represents a unitless measure of the amount of intra-
cellular calcium, Ca?T. In the equation governing intra-
cellular calcium levels, the coefficient —0.075 is based on
optical measurements of the decay of calcium in Purkinje
dendrites (—0.075s~! = 1/tcq = 1/13.33 ms) (Traub
et al. 1991; Traub and Milesm 1991). The sign of the coef-
ficient —0.13 multiplying /¢, means that current into the
dendritic compartment results in an increase in intracellular
calcium (Traub et al. 1991)! The only difference between
the polarized PR model and the original one is the addition
of the terms [ é’; and —1/ U’,’S’ p/(1 — p) in the equations for
the somatic and dendritic compartments, respectively. Note
that since we define p as the fraction of somatic surface
area to total surface area, [ zll? is then defined as current per
total soma area. In this paper, as in the original PR model
and the models used in the Park et al. papers referenced
above, we shall assume that the somatic and dendritic com-
partment surface areas are equal, so that p = 0.5 and the
flow of current from the soma to the dendrite is —Iég‘. The
individual currents with their dependencies on the dynamic
gating variables 4, n, s, ¢, and g follow.

Is1eak = —8L (Vs — Er) “
lireak = —gL (Va — EL)
Ing = —gNamih(Vs — Eng)

Ix_pr = —8k-prn(Vy — Ey)
Ica = —8cas>(Va — Eca)
Ik _anp = —8k-auprq(Va — Ey)

Ix_c = —gk—ccx(Vqg — Ey)

These currents and whether they flow inward (depolarizing)
or outward (hyperpolarizing) at typical steady-state values
are depicted by arrows in Fig. 1. Note that for our model,

ITraub et al. (1991) presents an abstract model of intracellular calcium
where each compartment’s rate of absorption can be varied by varying
the thickness of an imagined sub-cellular membrane. This coefficient
was fine-tuned to best match experimental data.

a cathode is imagined to be placed near the soma and the
anode near the apical dendrites, so that a positive (negative)
field depolarizes (hyperpolarizes) the soma and hyperpolar-
izes (depolarizes) the dendrite. Note that this convention is a
reversal in field sign from that found in Bikson et al. (2004),
Radman et al. (2007, 2009), and (Berzhanskaya et al. 2007),
but follows that used in Park et al. (2003, 2005). There are
five gating variables (k, n, s, ¢, and g) whose kinetics take
on the standard Hodgkin-Huxley form. The gating variables
h and n are functions of V, s and c are functions of V;,, and
both ¢ and x are functions of the intracellular calcium con-
centration Ca. Equations (3) and (4) are thus coupled with
the five first-order gating kinetics given below:

dh/dt = (hoo(Vs) — h)/Th(Vy) (5a)
dn/dt = (neo(Vs) —n)/tu(Vs) (5b)
ds/dt = (scoc(Va) —5)/75(Va) (50)
defdt = (coo(Va) —¢)/Tc(Va) (5d)
dq/dt = (geo(Ca) — q)/74(Ca). (5e)

For our model, the stimulus is a ramp current, I4mp,
injected into the soma. The term I ;,,; in Eq. (3) is the sum
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Fig. 6 The Ex — M parameter-space boundary that separates sub-
and super-linear behavior exhibits an inverse relationship. Below the
line the profile is superlinear and above it is sublinear. As discussed in
Section 2.2.2 sublinear and superlinear profiles were associated with
the sign of the numerical second-derivative computed over the interme-
diate polarization region, VL;’S“’ € [—-15mV, —4mV]. Parameter val-
ues are as in Fig. 3
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Fig. 7 The strong polarization 1200
region begins where the TTFS

starts to decrease as Vi

decreases. Here the TTFS values 1000
are calculated for a fast injection
rate (M = 0.8uA/(cm?s)) at
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of the ramp current and a constant bias current, ;. For the The ramp protocol, illustrated in Fig. 2, calls for the
computations reported here, Iy = —0.54A/cm?, which was  current density to be steadily increased until the soma is
used as the standard value in the original PR model. depolarized to 30 m V. Note that in Traub’s 19-compartment
- model and the PR model, the potentials are normalized such
Ly inj (@) = Is + Lramp () (6)  that the resting potential of the unpolarized neuron is 0 mV.

In our numerical experiments, we estimate the TTFS as the
where I.qp is defined as the following linearly increasing  time when the somatic membrane potential reaches 30 mV .

function with ramp rate M. The metric TTFS is used since it is relevant to excitable
but resting neurons, and pyramidal neurons are typically
Lramp(t) = M (t — 10). (7)  associated with such states.
M=0.9 pA/(cm? _
Total Soma 7L 5 pavem? Total Dendrite
0.1 Ek='—27.5 mv sinj  C 01 E=-27.5mv
= e
S 0.05 3 0.05
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Fig. 8 Here we plot the total somatic and dendritic currents, the right-hand sides of dV;/dt and dV,;/dt. Even at the fastest injection rates the
somatic and dendritic potentials change at the same rate. This holds true during the soma injected current for all Ex, M, and V"' we examined
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We adopt the numerical values for the reversal potentials
and conductances as given in the original PR model:

Eng = 120mV, E;, =0mV (8)
Eca = 140 mV, C,, = 3 uf/cm?®
g = 0.1 mS/cm?, gy = 30 mS/cm?
gk—pr = 15mS/em?, gx—anp = 0.8 mS/cm?
gk—c = 15mS/em?, gc, = 10 mS/cm?
ge = 2.1mS/kem?, p =0.5, 1, = —0.50A/cm?

The extracellular potassium concentration, [K™],, con-
trols the reversal potentials of the somatic hyperpolarizing
potassium-delayed rectifier current /x_pr, the dendrite-
hyperpolarizing calcium-activated potassium current Ix_c,
and the after-hyperpolarizing potassium current Ix_4pp.
Extracellular potassium levels are known to increase with
increased neuronal activity (Moody et al. 1974), and the
increasing extracellular potassium in turn excites the sur-
rounding neurons. However, the positive feedback between
neural hyper-activity and extracellular potassium is modu-
lated by Glia cells which tend to suppress high extracellular
potassium through uptake and spatial buffering. For more
on the dynamics of the ion concentrations and its effects
on neuronal behavior see Cressman et al. (2009, 2011),
Barreto and Cressman (2011). Ex in the polarized PR
model is related to the extracellular potassium concentration
through the Nernst equation. Since the extracellular potas-
sium is known to vary in vivo and can be manipulated in
the laboratory we examined the excitability of the polarized
PR model over a range of physiologically plausible Ex and

Fig. 9 Soma shunting to Superlinear

dendrite. M = 0.4pLA/cm?. I"IZ’ a (E,=—40 mv M= 0.4 u Alcm?)

corresponding extracellular potassium concentrations. The
higher the extracellular potassium concentration the higher
the reversal potential. Here we varied Ex from —25mV
to —45 mV. To place these values in context note that a
reversal potential of Ex = —38.56 mV has been associ-
ated with a normal potassium environment (Park et al. 2005)
corresponding to [KT], = 3.5mM assuming [KT]; =
140mM and T = 36.9°C. A high extracellular potas-
sium concentration is [K ], = 8.45mM corresponding to
Ex = —15mV and is associated with spontaneous peri-
odic bursting. Such high potassium levels have been mea-
sured in hippocampal slices exhibiting epileptic like activity
(McNamara 1994) and in vivo in seizing cats (Moody et al.
1974).

In Section 3.6 we replace the ramp current stimulus with
synaptic AMPA input modeled as in Pinsky and Rinzel
(1994) and Park et al. (2003, 2005). This class of model for
synaptic conductance assumes that the transmitter release is
always at a maximum as long as the pre-synaptic potential
Vi, pre €xceeds a certain threshold potential. The equation
for the AMPA synaptic conductance is as follows:

Tampra = 8ampaW (@) (Va — Vsyn) )]
W' = H(Vy pre — 20) — W/2,

where H denotes the Heaviside function. We apply the
AMPA current by defining Vy . as follows:

Vs,pre = AH@ —t)H@ + Lspkdur — 1)
Ispkdur = 1.2 ms
A>20mV

(10)

in Section 3.7, we include a model of the Ij current into our
polarized PR model. We model I, as in Lippert and Booth
(2009) and Golding (2005). The family of I, currents have

b Sublinear 5
(E,=-27.5 mv M=0.4 .1 A/lcm®)

is defined to be the current out of
the dendrite and into the soma.
Thus, negative values of 1[’1’;
indicate that this current flows
from the soma to the dendrite.
The curves terminate when a
somatic membrane potential ~
spike occurs. Compared to the e
sublinear case the superlinear o
shunting is increased by i
approximately 20 percent. This
increase in shunting is enough to
not only delay a somatic spike,
but to cause significant increase
in dendritic outward current. For
the case shown, the TTFS
increases by approximately 30 %
for V"' = —10 mV to a factor

in

of two for V9 = —15 mV

Time (ms)

1000 2000 3000 4000

1000 2000 3000 4000
Time (ms)
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a unique set of characteristics including an inward current
activated at hyperpolarized membrane potentials, significant
current at rest, moderately long time constants, and various
regulated states characterized by changes in channel density
and activation potentials. Here, we use i to denote the I
gating variable. The model is

Iy = gni(Vqg — Ep) (1Ta)
di/dt = (ico(Vg) —1)/7:(Va) (11b)
foo = M (11c)

a; (Va) + bi(Vy)

500

= (11d)

a; (Va) + bi (Vy)
a; (Vg) = exp (0.1054 (Vd — Vi—half)) (11e)
bi (Va) = exp (0.1581 (Vg — Vi—haiy)) (11f)

a and b determine the steady-state value, i, 7; is the time
constant, and V;_qy is the half-activation parameter. Also
as in Lippert and Booth (2009) we adopted four pairs of g,
and V;_jqr parameter values representing a control state
(0.03 mS/cm?, =21 mV), a low level of Ij, up-regulation
(0.035 mS/cm?, —18 mV') and a high level of up-regulation
(0.04 mS/cm?, —15mV) in accordance with serotonergic

modulation of I, (Gasparini and DiFrancesco 1999). To this
we also added the most highly-regulated state looked at by
Lippert and Booth (2009) (0.06 mS/cmz, -11 mV). Here, as
before the reversal potentials are normalized to correspond
with a resting potential of 0 mV for the unpolarized neuron.

2.2 Numerical methods
2.2.1 Computing the TTFS

When performing calculations on excitability, we used only
those polarizations for which a stable resting equilibrium
exists. The polarized Pinsky-Rinzel neuron was coded in
MATLAB. MATLAB’s ODE23 was used for integrating
the eight-dimensional coupled nonlinear ODE of Eqgs. (3-7)
with the parameter set given in Eq. (8). For a given choice
of Ex and M, a TTFS profile was generated over a range
of V7! for which the model neuron was stable prior to
any injected current. The range of V"' for which the rest-
ing equilibrium is stable varied with Eg, but was found to
be continuous and generally ranged from around +15mV
to —30 mV. Stability was first calculated using a nonlin-
ear root-finding method after setting the gating variables

Sublinear
a E="27.5mv Total Active Dendrite Current
_ o0s d-active Tof 'Ca™ K-AHP' K-C VZ? (mv)
QNE == M= 0.4 uA/(cm? sec) —o— -10
o) — 2
é § Is,inj_ 0.5 }J.A/Cm ) —a— —11
5= —v—-12
" -05 —A— 13
; ; ; —6—-14
0 500 1000 1500 2000 —8— -15
Time (ms)
Superlinear
b E, =40 mv
_ 05 _
P
g £
52 = S 1
B
© =05 .

1 1
1000 1500

1
0 500

Fig. 10 The active dendritic currents for sublinear and superlinear
profiles. Here M = 0.4 pA/cm?s) and Iy ;nj = —0.5 £A/cm?. In (a)
Ex = —27.5 mV and the profile is sublinear. In (b) Ex = —40 mV
and profile is superlinear. The total active dendritic currents are plot-
ted and are equal to the sum of the hyperpolarizing potassium currents,
K-AHP and K-C, as well as the depolarizing calcium. /g gcrive =
Ix_aup + Ixk—c + Icq. For the sublinear profile the total active
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dendritic currents are monotonic in time and for increasingly nega-
tive V¢ For the superlinear profile with it’s stronger hyperpolarizing
currents the total active dendrite currents become non-monotonic with
time for polarization below around —12 mV. Furthermore for polariza-
tions below around —13 mV the total active dendritic currents become
net hperpolarizing
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and Ca to their equilibrium values. As a further measure
to insure stability, the solutions were integrated for 50 ms
prior to the start of ramp injection. To estimate the sensitiv-
ity to numerical methods, MATLAB’s higher order ODE45
was used in the integration and these were shown to yield
TTFS values that differed less than 10~° from those of the
faster ODE23. We define a single run of our system to be the
computation of the TTFS for a particular V;S“t , Ex and M.

2.2.2 Numerical analysis of TTFS profiles

In the intermediate polarization region, it was observed
that either the TTFS grew sublinearly or superlinearly with
Vo4 depending on Ex and M. To quantify the curvature
found in the resulting TTFS profiles with respect to the
imposed V7', we computed a second-order centered dif-
ference using the TTFS data points. These were calculated
at every V7' It was observed that within the intermedi-
ate polarization region, Vd";‘t € [—4 mV,—15 mV], the
numerically-calculated second derivatives did not change
sign as we varied Vd”;” . This means that for a particular Ex

Fig. 11 Plots of the active
dendritic membrane currents
(left), and for comparison, the

Active Dendrite

and M, the solution remained either sublinear or superlin-
ear over the intermediate polarization, thus allowing us to
unambiguously define a sublinear and superlinear profile by
the sign of the second derivative at any of the intermediate
polarizations. To bound the values for M at a given Ex at
which the profile transitioned between sublinear and super-
linear, we increased M starting at the very slow injection
rate of 0.05 u A/(cm?s). At this value, the second derivative
was always found to be negative, indicating a superlinear
profile. As M increased, we determined when the second
derivative became positive. The second derivative was com-
puted at 0.25 mV steps over the intermediate polarization
and over a grid of Ex and M values. Ex was varied from
—20mV to —45mV in steps of 2.5 mV, while M var-
ied from 0.1 wA/(cm®sec) to 0.8 wA/(cm®sec) in steps
of 0.05 uA/(cmzsec). For each Eg, the lowest M value
for which the second derivative of the profile became pos-
itive was used to estimate the boundary curve separating
sublinear and superlinear profiles. Sensitivity to step size
was evaluated by performing the same algorithm but for a
much smaller step size of 0.075 mV. The smaller step sizes

Weak Polarization Total Dendrite

total dendritic membrane current i totat active™ 'ca™k arp Tk c M=0.4 uA/(cm’ Sge) latotal™ Loaklos.n*loa" ke anp *kc
(right). The parameters are the s,inj ~0.5 pAjem®)
same as in Fig. 10 ad E=-=275mv b E =-27.5mv
K Sublinear K
0.4
N ~ 041
c 0.3 e
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0
0 500 1000 1500 2000 0 1000 2000
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Fig. 12 The superlinear and
sublinear profiles emerge only at

Strong Polarization \

stronger polarizations which Active Dendrite M= 0.4 uA/(em” sec) Total Dendrite
. o .. =-0.5yA/lcm b _

primes the activation of the a E,=-27.5mv s.inj . E="27.5mv
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parameters as in Fig. 11 but at 0.5

weak polarizations while there ~ ~_ 0.04

is some increase in the § §

hyperpolariz'ation and.lor}ger i i 0.02

TTFS there is no qualitative

difference in the currents as -0.5

there is when it is at stronger i i i

negative polarizations 0 1000 2000 3000 4000 0 1000 2000 3000 4000

Time (ms) Time (ms)

Superlinear d E =—40 mv

uA/cm2

2000
Time (ms)

0 1000

3000

2000 3000

Time (ms)

4000 0 1000 4000

Vie (V) [ —e— —10 —8— —11 —¥— —12 —&— —13—o— —14—8— 15

resulted in small changes in the second derivative and did
not qualitatively change the boundary curve in the Ex — M
parameter space.

Code for computations, analysis, and graphics were writ-
ten in MATLAB and are available online at ModelDB
(http://senselab.med.yale.edu/modeldb/).

3 Results
3.1 TTFS profiles

Figure 3 shows four plots of TTFS as a function of V!
Each data point on the plot is obtained by integrating
Egs. (3-7) (see Methods) with parameters as in Eq. (8) for
the specific values of Vd"s”’ , M, and Ej indicated in the
figure, and measuring the time until V; exceeds 30 mV.
Each of the plots is obtained using either a high (=25mV)
or low (—45mV) Ey, and a slow (0.3 ;LA/(cm2s)) or fast
(0.8 wA/(cm?s)) current injection rate M. In each case
there is a range of polarization for which the TTFS is lin-
ear with V7', and a range at stronger soma-hyperpolarizing
fields for which the TTFS is no longer linear with polariza-
tion. We call the linear range the weak polarization region.
We define the extent of the weak polarization region by

@ Springer

noting the most negative polarization for which the R mea-
sure? stays above 0.99. In all four cases the TTFS profile
deviates from our R? criterion at V;S’” = —4 mV, which
is consistent with experimental observation (i.e., departure
from linearity between —3 mV and —5 mV; see Intro-
duction). Outside the weak polarization region, we see in
Fig. 3 that both E; and M affect how TTFS varies with
polarization. For E; = —45 mV, the fast current injec-
tion rate yields a sublinear TTFS profile (Fig. 3a), while the
slower ramp injection yields a superlinear one (Fig. 3c). For
Erx = —25 mV, the profile is sublinear for both injection
rates (Fig. 3b and d).

In Figs. 4 and 5 we show the behavior of the transmem-
brane potential of the soma versus time, where we continue
to integrate our model past the occurrence of the first spike,
maintaining a constant current injection at the soma equal
to the ramp current at the time of the first spike. Results
are shown in Fig. 4 for M = 0.3 A/(cm?s) and Fig. 5
for M = 0.8 A/(cm?s). In both cases, we examine the
situations with Ex = —25mV and —45mV. We classify
the spiking behavior of the soma using two characteristics:
(1) whether or not a particular waveform (a single spike or

2R? = |- (sum square of residuals)/ (sum square of differences of the
dependent variable from the mean).
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Fig. 13 The g gating variable is the only gating variable sensitive to
M over the range considered here. The five gating variables of the
polarized PR neuron are shown as the neuron is taken from rest to a
somatic potential spike in response to a range of injected ramp cur-
rents. In each case V"' = —12mV and E; = —45mV . For each plot,
the equilibrium value is denoted by a solid line, and the computational
results are denoted by dashed lines. There are ten different dashed lines
corresponding to M from 0.1 A /(cm?s) to 1.0 wA/(cm?s). Only the
slowly-activating ¢ gating variable exhibits significant deviation from
the equilibrium curve. In all other plots, the gating variables track the
equilibrium curve so closely, regardless of the injection rate, that the
lines can barely be distinguished. Note that although ¢ is a function of
Ca the fact that Ca equilibrates with changing V,; well over an order
of magnitude faster than ¢ equilibrates with changes in Ca allows us
to approximate the g kinetics g(Ca(Vy)) by g(Caxs(Vy))

burst of activity) repeats periodically over a long duration
(> 20ms) or if it is limited to a single spike or burst of activ-
ity, and (2) by the number of individual spikes occurring
within a particular waveform. For periodicity, we classify
the activity as a single burst or spike if there is only one
occurrence of a particular waveform within our run-time of
10 seconds and is denoted by an open symbol. The num-
ber of somatic membrane potential spikes in each waveform
are encoded by the symbol shapes (see figure caption). A
number of spiking behaviors are observed over the Ex and
M values chosen. In particular, note that the sublinear pro-
files at weak polarizations exhibit periodic spikes or bursts,
and at intermediate to strong polarizations, show only iso-
lated spikes or bursts. In contrast, the superlinear profile
exhibits isolated spikes at weak polarizations and becomes
periodic towards the end of the intermediate polarization
region. Thus, qualitative differences between sublinear and

superlinear profiles appear in spiking behavior as well as the
TTFS.

Figure 6 shows how the occurrence of sub- or super-
linear TTFS profiles in the intermediate region depend more
generally on E; and M. The data points divide the param-
eter space into regions in which the system exhibits sub-
and superlinear behavior in the intermediate polarization
region where the second-derivative test is unambiguous (see
Section 2.2.2). Note that the accuracy of the line dividing the
sublinear and superlinear regions is limited by our choice of
discretization in M (i.e., steps of size 0.05 MA/(cmzs)).

Note that for the sublinear case shown in Fig. 3b the
TTEFS curve turns over and begins to decrease with increas-
ingly negative V7!, A more complete view of this behavior
is shown in Fig. 7, which shows the TTFS over a full range
of stable polarizations for the fast injection rate (M =
0.8 ;A /(cm?s)). Even for the superlinear case the overall
tendency is for the TTES to decrease in the strong polariza-
tion region. For a superlinear profile the TTES reaches sev-
eral seconds or more in the strong polarization region. An
interesting pattern emerges which includes sudden changes
in TTFS (not shown). This complex profile occurs due to
interactions of the very slow decay rate of the Ix_4 g p and
the ramp injection protocol. While interesting, these results
might be difficult to replicate experimentally.

We define the polarization at which the TTFS begins
to decrease with increasingly negative V;S“’ as the begin-
ning of the strong polarization region. We then refer to
the region between the weak and strong polarization as the
intermediate region.

Figures 3, 6, and 7 show how the polarization-dependent
excitability varies over a range of extracellular potassium
and current injection rates. In summary, we catergorize
polarization as follows:

1. Weak polarization — in this region, the TTFS increases
linearly with increasingly negative polarization (i.e.
increasing somatic hyperpolarization). This corre-
sponds to a V! ranging from about 10 mV to —4mV.

2. Intermediate polarization — In this region, the TTFS
departs from its linear dependence on polarization. The
TTFS increases either sublinearly or superlinearly with
polarization, depending on the values of M and Eg.

3. Strong polarization — In this region, the TTFS decrea-
ses with increasingly negative polarization. The strong
polarization region begins around a V9 equal to
about —15mV, but this onset depends on the chosen
parameters.

We now take a closer look at the three regions, and most
significantly, identify the mechanisms that give rise to the
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Fig. 14 In the strong polarization region, where TTES decreases, a
dendritic spike precedes the somatic potential spike. Somatic and den-
dritic potential spikes are revealed when plotting / [’l'; Plots of the
current flow between compartments, g.(Vy — Vs + V;s’” ) are shown
in (b) for the corresponding Vf;” shown in (a). Spikes in V; result
in positive current spikes in (b) while spikes in V; result in negative

observed TTFS behavior in the intermediate and strong
regions.

3.2 Weak polarization region

The TTFS behavior of our polarized PR model is linear
at weak polarizations and is in agreement with experimen-
tal observations (Bikson et al. 2004; Radman et al. 2007,
2009).

3.3 Intermediate polarization region

As V;S“t becomes more negative, the resting potential of the
dendrite becomes more depolarized. Starting from a more
depolarized state, more of the dendritic channels are open,
and the dendrite as a whole is primed for activity with the
incoming soma current injection. We will show that the
division of the solutions into either sublinear or superlinear
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current spikes in (b). Since for each polarization the applied current
ramp grows until the somatic potential spike in all cases the I} ends

with a negative spike. The appearance of dendritic spikes (positive / H"l’;)
coincides with the decreasing TTFS. Evidently the increase in depolar-
izing current coming from the dendrite back into the soma more than
compensates for the increased soma-hyperpolarizing V9!

profiles is due to the active currents in the dendrite. We
note that Ix sy p and Igc are functions of Eg, while I,
does not have any explicit dependence on Eg. In addi-
tion, M only affects the slow g-gating variable of Ix 4 p.
It is the modulation, through Ex and M, of the strength
of the hyperpolarizing dendritic currents that is responsi-
ble for the occurrence of sub- or superlinear TTFS profiles.
The following observations and deductions lead us to this
conclusion:

(1) Except for the strong polarization case, the soma was
always found to spike before the dendrite.

Prior to an action potential, the somatic and dendritic
membrane potentials rise at the same rate in response
to the soma-injected current ramp for all parame-
ters tested in our numerical simulations. This is to
be expected due to the high inter-compartment con-
ductance, g., and rapid equilibration compared to the

2
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Fig. 15 TTES profiles for
various values of g., the
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current injection rate. The membrane potentials con-
tinue to rise at the same rate until a spike occurs,’
To show that indeed dVi/dt ~ dV,;/dt, we exam-
ined the right-hand side of dV;/dt and dV,/dt for
various values of Ex, M, and Vdos'”. We found that
the total somatic and dendritic currents are indistin-
guishable for even the fastest ramp we explored, M =
0.9 A/(cm?s) (see Fig. 8).

Significantly more current is shunted away from the
soma and into the dendrite for the superlinear case
compared to the sublinear case. This is shown in
Fig. 9. It might be inferred that the increase in the

3)

3The rate of change of the somatic and dendritic membrane poten-
tials are appreciably different only in a 1-2 millisecond period after the
TTFES and during an action potential.

shunting current in the superlinear cases is due to an
increase in hyperpolarizing outward dendritic current.
Support for this assertion can be found by plotting
the total active dendritic current for the sublinear and
superlinear cases, respectively. Figure 10 shows how
differently the active dendritic currents of a sublin-
ear and superlinear profile vary with time and over
a range of intermediate polarizations. For the sublin-
ear cases, the active dendritic currents monotonically
increase and result in a net depolarizing effect over the
range of intermediate polarization. However, for the
superlinear case, the active dendritic currents depolar-
ize very slowly from —10mV to —12mV and become
non-monotonic, eventually resulting in a net hyperpo-
larizing effect at negative polarization values below
—13 mv.
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(4) The effect that polarization has on the rate at which
the soma depolarizes can be analyzed by examining
the active and total dendritic currents (since d Vi /dt ~
dVy/dt). At intermediate polarization (Fig. 11) we
see that the total dendritic current is significantly
reduced for the superlinear case and delays the TTFS
as compared to the sublinear case. In contrast, at weak
polarization, when the voltage-activated gating vari-
ables are minimal and have yet to begin their rapid
ascent we see in Fig. 12 that the sublinear and super-
linear cases do not exhibit such qualitative differences
in their dendrititic currents.

(5) Finally, we note that the division of the Ex — M
parameter space into sublinear and superlinear pro-
files corresponds to a separation into stronger and
weaker dendritic hyperpolarizing currents. The effect

a more negative Eg corresponds to a stronger drive
for positive current to flow out of the compartments.
The role of M is made clear by examination of the gat-
ing kinetics. We plotted the gating variables during our
ramp-stimulation protocol over a range of M and we
see that M only affects the very slow g-gating variable
of the Ix_ g p current (Fig. 13). With a lower M, the
slow equilibrating q-gating variable has more time to
reach its equilibrium value. Since g is monotonically
increasing with Vy, and V; is always increasing dur-
ing the ramp somatic current injection (at least for the
range of parameters we examined), g will always be
in the process of equilibration to a higher value. Thus
the lower M is, the greater g gets, and the greater the
hyperpolarizing Ix_ 4z p current will become.

of lowering the potassium reversal potential Ex can be In summary: As polarization becomes increasingly neg-
understood by examining the equations for the polar-  ative, the dendritic calcium currents increasingly depolarize

ized PR neuron Egs. (3-5) and noting that for all the

dendrite. Simultaneously, the dendritic potassium cur-

potassium currents in both the dendrite and the soma,  rents increasingly hyperpolarize it. Thus, these currents
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Fig. 16 The proportion of the total membrane area allocated to the soma compartment, p, is varied over a range from 0.1 to 0.9
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have competing effects: one works to excite, the other to
inhibit. If the calcium current dominates, then we observe a
sublinear response, and if the potassium current dominates,
we observe a superlinear response.

3.4 Strong polarization region

The mechanism behind the decrease in the TTFS (as V[;’S’“
decreases) at strong polarizations is revealed by examin-
ing the shunting current from the soma to the dendrite.
Figure 14 plots this shunting current, I‘Z‘, with negative val-
ues indicating positive charge flowing from the soma to the

dendrite and positive values indicating the reverse. Since
in all cases the stimulus ends when the soma spikes, all
the curves end with a sharp negative drop. However, cor-
responding to the strong polarization values at which the
TTEFS begins to decrease, positive deflections in / é’s‘ are seen
in increasing magnitude (see the two right lower panels in
Fig. 14). These positive deflections result from dendritic
spikes back-propagating into the soma. These then act as
a depolarizing trigger which induces a soma spike. I¢, is
the only active depolarizing dendritic current, and it is this
current that is responsible for the dendritic potential spikes
and subsequent decrease in the TTFS.
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Fig. 17 For our synaptic AMPA protocol (gampa = 0.3mS/cm?) we
find a clear split in the gx oy p — E x parameter space into neurons that
fail to spike at some point in the intermediate range and those that have
a spiking solution into the strong polarization region. In (a) we have
plotted the maximum TTFS obtained in the intermediate polarization
region, which we defined as V[;’S”’ € [—12.5, 0] mV since this encom-
passed all of the polarization values capable of producing a maximum
TTFS. Polarization values were stepped by 0.075 mV. In (b) we plot

the TTFS profiles for four sets of Ex — gxapp values. Two of them
are in the “Fail to spike” region in (a) (white) and two are in the shaded
region indicating that they spike throughout the intermediate region
and into the strong region. The line marked with circles (Ex = —35
mV and gxanp = 0.1ms/cm2) is close to the boundary and reaches
a maximum at around —10 mV at which point by our definition it
reaches the end of the intermediate region and the beginning of the
strong region
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3.5 Effects of morphology on excitability

We have used only one value for g, (2.1 mS/ cm?) and one
for p (0.5) in our simulations so far. These values were used
as standard values in Pinsky and Rinzel (1994). Biological
pyramidal neurons are most likely not so electro-tonically
“close”, and the dendritic and somatic areas may vary sub-
stantially. To gauge the sensitivity of our results to variation
of these morphological parameters, we systematically var-
ied g, and p for the ramp injection protocol. Results are
shown in Figs. 15 and 16 respectively. To understand how
g. effects the TTFS in Fig. 15 it helps to think of the path
of the injected soma current: (1) out of the soma through
the membrane (i.e., leak) (2) into the dendrite, and (3) from
the dendrite out through the dendritic membrane. We can
neglect (1) since the leak current is small compared to the

a g - - 2
E =-25mv g, .= 0.2mS/cm

inter-compartment conductance and the membrane currents.
For very small g. (see circles and squares in Fig. 15a—d the
linearity of the TTFS as a function of V7' can be explained
by the inter-compartment current, lys = g.(Vg—Vs+ Vd”s’” ,
becoming dominant. For moderate and higher levels of g,
the current leaving through the dendrite via the nonlinear
active dendritic membrane currents play an increasing role
as we go through the intermediate and strong polarization
regions. In this case, the calcium and hyperpolarizing potas-
sium currents become increasingly active, and the TTFS
profiles display the same qualitative shapes we saw earlier
for g. = 2.1mS/cm? (Fig. 3).

Figure 16 shows how varying the proportion of total
membrane area allocated to the soma, p, affects the TTFS
as a function of V7. The qualitative features of the TTFS
profiles are consistent with the profile for p = 0.5. Because
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Fig. 18 For the AMPA current protocol, the neurons that fail to
spike in the intermediate region and those that do is correlated with
a qualitative change in the total active dendritic current. The sets of
Ex — gkanp values in (a)—(d) are the same as in Fig. 17b. For the
two neurons that spike throughout the intermediate region, (a) and (b),
The total active dendritic current grows linearly and at nearly the same
rate regardless of the polarization. In contrast, for the two neurons that
failed to spike the total active dendritic current, after about 10 ms,
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active dendrite currents
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Time (ms)
grows at a much slower rate and shows more pronounced polarization
dependence. These observations are consistent with our observations
and hypothesis made using the ramp injected protocol about the role of
the active dendrite currents. One difference between the ramp injected
protocol and the AMPA protocol is that for the ramp injected proto-

col the total active dendritic current become net hyperpolarizing in the
superlinear case (Figs. 10 and 12)



J Comput Neurosci (2016) 40:27-50

45

of the mismatch in load at p = 0.9 (stars in (a-d)), more of
the current remains in the soma, and it is the linear depen-
dence of 145 on V;S”’ that contributes to a more linear TTFS
profile. As p — 0, the current flows increasingly into the
dendrite where the nonlinear dendritic membrane currents
affect the TTFS.

3.6 Polarization-dependent excitability using synaptic
AMPA

The preceding results were based on the use of an injected
ramp current, delivered at various rates, primarily to facil-
itate comparison with experiments. The ramp injected cur-
rent is a commonly-used protocol for characterizing neural
excitability. However, it is also of interest to examine how
polarized neurons respond to synaptic inputs.

Accordingly, we replaced the ramp current injection with
synaptic AMPA currents in the dendritic compartment using

the same synaptic model for AMPA as in Pinsky and Rinzel
(1994) and Park et al. (2003, 2005). In the intermediate
region, the shape of somatic spikes change somewhat with
increasing polarization, as was shown in Figs. 4 and 5.
Thus, we would expect polarization-dependent effects on
the synaptic current based on the model described above.
However, to facilitate the following analysis, we fix the pre-
synaptic activity to consist of a single spike such that Vs p.
is above 20 mV for 1.2 ms.

The main difference between this approach and the ramp
current protocol is that in the synaptic input case, a failure
to spike is an important possible outcome. This is illus-
trated in Fig. 17, using gappa = O.3mS/cm2 and Iy jnj =
0.5 A /cm?. Panel (a) shows the TTFS versus VdOS”’ profiles
for two cases (with parameters Ex and ggagp) in which
the curve terminates because the neuron fails to spike. The
same panel shows two other cases in which the TTFS profile

could be obtained throughout the range of V' studied.

V_(mV)

V. (mV)

Polarized PR
No Ih current

V1/2= -21 mV

max g, = 0.03 mS/cm?

max g, = 0.04 mS/cm?
V1/2= -15 mV

max g, = 0.06 mS/cm?
V1/2= -11 mV

Fig. 19 This figure shows Vﬂ” versus V, Vg, and i for the resting state (a)-(c) respectively
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Panel (b) shows the maximum TTFS obtained over
Vo e [—12,0] mV, as a function of gxamp and Eg,
noting the cases in which the neuron fails to spike some-
where in the V{"'range. Polarization values were stepped
by 0.075 mV. We find a clear division of this parameter
space into a region corresponding to spike failure, and a
region for which spikes occur throughout the V7' range and
a value of the maximum TTES can be obtained. The val-
ues of gx 4y p at the boundary increase with increasing Eg,
as the increased excitability due to extracellular potassium
is somewhat balanced by an increase in hyperpolarizing
K g p conductance.

In Fig. 18, we see that the segregation of cases that fail to
spike and those that do spike is correlated with a qualitative
change in the total active dendritic currents. The sets of Ex
and gxagp values in (a)—(d) are the same as in Fig. 17a.
For the two cases without spike failure (panels (a) and (b)),
the total active dendritic current grows linearly and at nearly

& M= 0.8uAl(cm?s) E, = -45 mV

the same rate roughly independently of the polarization. In
contrast, for the two cases with spike failure (panels (c)
and (d)), the total active dendritic current after about 10 ms
grows at a much slower rate and shows more pronounced
polarization dependence. These observations are consistent
with our previous observations using the ramp current pro-
tocol regarding the role of the active dendritic currents. In
particular, neurons that were superlinear for the ramp pro-
tocol and those that failed to spike for the AMPA protocol
were associated with similar total active dendritic currents.
Namely, the total active dendritic currents are significantly
suppressed, polarization-dependent, and were modulated by
the potassium-dependent hyperpolarization currents.

3.7 Inclusion of I, current

The concentration of [, channels is many times higher in
the dendritic portion of pyramidal cells than in the somatic
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V,,=-15my V=11 my

Fig. 20 The ramp injected protocol with polarized PR model plus 7,
current. The differences between the polarized PR without I}, (square)
and the different regulated states of I, (triangle, circle, star) are
most apparent at larger V7' and at more hyperpolarized dendritic
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membrane potentials. Also apparent is the significant gap between
what has been treated as the high up-regulated state from serotonergic
studies (Gasparini and DiFrancesco 1999) (circle) and the most active
state used in Lippert and Booth (2009) (star)
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region (Dyhrfjeld-Johnsen et al. 2009). We therefore equip
our existing polarized PR model with an [, current in the
dendritic compartment. The I}, current is activated at hyper-
polarizing potentials, is active at rest, has moderately long
time constants, and can obtain various regulated states.
These regulated states are simulated by adopting various
values of the maximal conductance g;, and the channel half-
activation voltage V;_pqir. The equations and parameters
are given in the Methods section.

In the following computations, except for the inclusion
of the Ij, current, all other parameters and currents remain
the same as in previous ramp-injected and AMPA-injected
computations. First, we show how the resting membrane
potentials change with the inclusion of I, at different levels
of regulation. Figure 19 depicts the somatic and dendritic
potential and the [, gating variable i ( (a)-(c) respectively)
as a function of V7. The changes in resting membrane
potential coincide W1th the activation of i at hyperpolarized
values of V; occurring at more positive V””’ The effect
is greater at more up-regulated states when g, and V; _pqr
are increased. We next examine how the various regulated
states of the I, current affect our ramp-injected protocol
results. In Fig. 20 we performed computations analogous to

those of Fig. 3 depicting the polarization-dependent TTFS
for high and low Ex and for fast and slow M. The results
are qualitatively similar to those in Fig. 3, which had no
Iy, currents. The small differences between the polarized
PR without I, (square) and with I (circle, triangle, star)
are most apparent for larger V", corresponding to more
hyperpolarized dendritic membrane potentials. Also appar-
ent is the significant gap between what has been treated
as the high-level up-regulated state from serotonergic stud-
ies (Gasparini and DiFrancesco 1999) (circle) and the most
active state used in Lippert and Booth (2009) (star).

In Fig. 21, the AMPA protocol is used as in Fig. 17.
We compare the polarized PR neuron without I (a) to
the polarized PR neuron with [ at two up-regulated lev-
els (b) and (c). The clear split in the gxagp-Ex plane
into those neurons that have a spiking solution throughout
the intermediate region and those that fail at some interme-
diate polarization is present both without I, (a) and with
I, currents at both the control state (b) and the extreme
activation range used in Lippert and Booth (2009) (c). In
(b) and (c) the depolarizing effect of [, is apparent in
the diminishing area of spike failure and the decreasing
TTES.

a No Ih Maximum TTFS for VZ:t € [-12, 0 mV]
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Fig. 21 TTFS for different levels of I, where darker is faster spiking and white denotes spike failure. The spike failure profile persists with
added 1}, but the depolarizing effect of 1), causes quicker TTFS and decreases the size of the spike failure region
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4 Discussion

There is experimental evidence of a weak polariza-
tion region where the excitability decreases linearly with
increasing soma-hyperpolarizing polarization (Bikson et al.
2004; Radman et al. 2007, 2009). In addition, a strong
polarization region has been found where the excitability
increases with stronger soma-hyperpolarizing polarization
(Bikson et al. 2004). We are unaware of any theoretical
or experimental work exploring excitability at intermediate
polarizations. Our results provide experimentally-testable
predictions of how neuronal excitability is affected by polar-
ization. The boundaries of the polarization regions and the
Ex — M bifurcation values will undoubtedly vary from
neuron to neuron, reflecting variations in their density of
channels and even changes in their activation potentials.
However, the qualitative structure of polarization-dependent
excitability that we have shown might well serve as an initial
working hypothesis.

Several consequences follow from our results. First, once
outside the weak polarization region, efforts to control
the dynamics of a neuron or a network of neurons may
depend critically on whether the neuron(s) has (have) a
sublinear or superlinear TTFS sensitivity to polarization.
In particular, the ability of [K*], to drive the neuron
to and from a sublinear and superlinear dependence on
polarization might suggest that the extracellular potassium
and its dynamics may need to be considered when try-
ing to modulate neural activity with electric fields. As
we have mentioned, neural hyperactivity has been shown
to lead to an increase in [K™],, thus increasing Eg
(Janigro 2006; Binder et al. 2006; Dietzel et al. 1989)
which in turn further increases neural excitability. The
neural activity and extracellular potassium levels by them-
selves form a positive feedback loop. However, application
of increasingly soma-hyperpolarizing fields will, in the
weak and intermediate regions, decrease excitability. The
decreased excitability would be expected to decrease [K 1],
and hence decrease the polarization-dependent excitabil-
ity induced by soma-hyperpolarizing fields, thus resulting
in a negative feedback loop. Further still, if the decrease
in [K1], is sufficient to draw neurons from a sublinear
to superlinear profile, then we might expect to see a sud-
den step-down in excitability and a qualitative change in
the rate at which excitability is decreased with polarization
strength.

Second, outside the weak polarization region we found
that channels and their currents, which are normally asso-
ciated with a neuron in its active spiking or bursting state,
can also significantly influence its subthreshold excitabil-
ity. Third, we found that although the values of ¢ (gating
variable for the dendritic K4y p current) obtained during
subthreshold stimulus are small (being no more than about
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0.05 of the maximum, compared to near 1 during the burst),
results in Fig. 6 indicate that the variation in ¢ with M is
significant enough to effect a transition between sublinear
and superlinear TTFS profiles.

The observation that a small fraction of activated chan-
nels can have significant influence on the excitability of
a polarized neuron places a particular importance on the
nascent stages of channel activation. For computational ease
many models truncate the early stages of channel activation
(or simply replace more complex functions with sigmoidal
or step functions). These modifications may have little
effect on spike trains of unpolarized or weakly polarized
neurons, however, they will most likely fail to accurately
depict polarization-dependent excitability outside of the
weak polarization regime.

The ramp injection rate M may model actual applied
ramp currents, or it may approximate the convolution of
many pre-synaptic inputs to the dendrite. Results differ only
slightly when the somatic injection is replaced by den-
dritic injection in the model and is less significant when
gc 1is larger (data not shown). For the ramp injected cur-
rent protocol, we have shown that slower sustained input
allows for more time for the very slow K4y p gates to open,
thus facilitating hyperpolarization and potential superlinear
profiles. These superlinear profiles may also be obtained
by varying either or Ex and gxapp. In addition, we
showed further evidence that the dendritic spikes at strong
polarization cause a reversal in excitation (i.e., decreasing
TTFS with decreasing V{*") and we note that this is due to
the same calcium currents that are responsible for the back-
propagation that sustains a burst (Bose and Booth 2004).
In summary, our results suggest that the activation or par-
tial activation of dendritic currents critical to pyramidal cell
burst dynamics also play an important role in shaping the
polarization-dependent excitability of a neuron.

We chose a two-compartment model to facilitate our
analysis. It would be interesting to see how a more com-
plex multi-compartment model would behave. For example,
a model with apical and basilar dendritic compartment on
either end of a soma compartment would allow for the pos-
sibility of injected current taking two paths out of the soma.
Although the degree of polarization from the soma to the
apical dendrites may be significantly reduced. A possible
extension of this study would include a multi-compartment
model such as Traub et al. (1991)’s 19-compartment CA3
pyramidal model with a graded distribution of currents and
possibly additional types of currents.

Finally, looking at our results abstractly beyond the
framework of a particular neuron or model neuron, we
speculate on the question of what it takes for a neuron to
exhibit the characteristics of the weak, intermediate, and
strong polarization regions observed in our study using
the polarized PR-model. We conjecture that (1) without
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a depolarizing dendritic current any reversal in excitabil-
ity seen at strong polarization would be impossible, (2)
the ranges of the weak, strong and intermediate regions
depend on how the channels activate with membrane poten-
tial, and (3) that the clear division in the polarization-
dependent excitability seen in the intermediate region
requires two competing currents, one depolarizing and one
hyperpolarizing.
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