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Can Neural Activity Propagate by Endogenous Electrical
Field?

Chen Qiu, Rajat S. Shivacharan, “Mingming Zhang, and Dominique M. Durand

Department of Biomedical Engineering, Neural Engineering Center, Case Western Reserve University, Cleveland, Ohio 44106

Itis widely accepted that synaptic transmissions and gap junctions are the major governing mechanisms for signal traveling in the neural
system. Yet, a group of neural waves, either physiological or pathological, share the same speed of ~0.1 m/s without synaptic transmis-
sion or gap junctions, and this speed is not consistent with axonal conduction or ionic diffusion. The only explanation left is an electrical
field effect. We tested the hypothesis that endogenous electric fields are sufficient to explain the propagation with in silico and in vitro
experiments. Simulation results show that field effects alone can indeed mediate propagation across layers of neurons with speeds of
0.12 = 0.09 m/s with pathological kinetics, and 0.11 = 0.03 m/s with physiologic kinetics, both generating weak field amplitudes of ~2-6
mV/mm. Further, the model predicted that propagation speed values are inversely proportional to the cell-to-cell distances, but do not
significantly change with extracellular resistivity, membrane capacitance, or membrane resistance. In vitro recordings in mice hip-
pocampi produced similar speeds (0.10 % 0.03 m/s) and field amplitudes (2.5-5 mV/mm), and by applying a blocking field, the propa-
gation speed was greatly reduced. Finally, osmolarity experiments confirmed the model’s prediction that cell-to-cell distance inversely
affects propagation speed. Together, these results show that despite their weak amplitude, electric fields can be solely responsible for
spike propagation at ~0.1 m/s. This phenomenon could be important to explain the slow propagation of epileptic activity and other
normal propagations at similar speeds.
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(s )

Neural activity (waves or spikes) can propagate using well documented mechanisms such as synaptic transmission, gap junctions,
or diffusion. However, the purpose of this paper is to provide an explanation for experimental data showing that neural signals can
propagate by means other than synaptic transmission, gap junction, or diffusion. The results indicate that electric fields (ephaptic
effects) are capable of mediating propagation of self-regenerating neural waves. This novel mechanism coupling cell-by-volume
conduction could be involved in other types of propagating neural signals, such as slow-wave sleep, sharp hippocampal waves,
theta waves, or seizures. j
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as memorization or spatial navigation, but can also cause patho-
logical conditions, such as epilepsy. Interestingly, signal propaga-
tion speeds in various conditions are similar (~0.1 m/s). Neural
spikes generated by 4-aminopyridine (4-AP) travel with a longi-
tudinal speed of 0.09 * 0.03 m/s along the CA3 region (Kibler
and Durand, 2011), whereas in the presence of picrotoxin, syn-

Introduction

Electrochemical signal propagation is one of the properties that
enables communication among neurons. In the hippocampus,
such communication is essential for basic neural function, such
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chronous firing events propagate longitudinally at 0.14 * 0.04
m/s (Miles et al., 1988). High K *-, low Mg**-, and zero-Ca*"-
triggered spikes again exhibit speeds of 0.07-0.1 m/s, 0.1-0.15
m/s, and 0.04—0.15 m/s, respectively (Haas and Jefferys, 1984;
Quilichini et al., 2002; Liu et al., 2013). In normal tissue, theta
oscillations travel with a speed of 0.08—0.107 m/s in the hip-
pocampus of living rodent rats (Lubenov and Siapas, 2009),
whereas carbachol-induced theta oscillations travels with a speed
of 0.119 m/s along the CA1l cell layer and a 0.141 m/s along the
CA3 cell layer (Cappaert et al., 2009). Together, it is clear that 0.1
m/s is a common propagation speed regardless of experimental
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models, therefore a shared fundamental mechanism may under-
lie these neural propagations.

Despite the fact that synaptic transmission and gap junctions
are generally known to be responsible for neural communication,
4-AP-induced spikes still persisted when synapses and gap junc-
tions were blocked in vitro, essentially suggesting a non-synaptic
governing mechanism. These spikes propagate at the same or
even higher speed in the presence of synaptic-blockers, such as
the 4-AP/low-Ca** aCSF condition (Haas and Jefferys, 1984;
Bikson et al., 1999; Zhang et al., 2014) and gap junction blockers,
such as the 4-AP/mefloquine aCSF condition (Zhang et al,
2014). Other propagation mechanisms, such as extracellular
ionic transients and axonal conduction mechanisms, have very
different propagation speeds (0.0004—0.008 m/s for K™ diffu-
sion and 0.3-0.5 m/s for axonal conduction, Miles et al., 1988;
Lian et al., 2001; Francis et al., 2003; Meeks and Mennerick, 2007;
Jensen, 2008; Kibler et al., 2012). Thus, it is unlikely that neural
propagation at ~0.1 m/s can be explained by synaptic transmis-
sion, gap junction, diffusion, or axonal propagation.

Another mechanism is electric field effects. Experiments have
shown that extracellular fields could modulate the activity of sin-
gle neurons and/or network activity. In hippocampal pyramidal
cells, weak electrical fields can affect the excitability of cells and
the synchronization of the network (Francis et al., 2003). In cor-
tical neurons, endogenous weak fields could entrain action lead-
ing to phase-locking of spikes to the external field to reach a
“spike-field synchrony” (Frohlich and McCormick, 2010; Anas-
tassiou et al., 2011) and its effect is enhanced by neural packing
density (Vigmond et al., 1997). Using the Wilson and Cowan
(1973) model for traveling waves, the speed of propagation is
determined by excitability thresholds, spatial connectivity, and
the refractory time constant (Richard et al., 1995). Locally ap-
plied electrical fields can also modulate the speed of propagation
(Richard et al., 1995). Thus, we tested the hypothesis that an
electrical field effect could underlie the propagation of 4-AP-
induced spikes at a speed of 0.1 m/s in the hippocampus using
computational modeling and experimental approaches. The
propagation speed and network field amplitude were measured
in two simulated conditions: epileptiform and normal, and the
simulated results were compared with the propagation speeds
and field strengths in in vitro experiments. Further, in vitro ex-
periments were done to study the effect of applying a blocking
field on propagation. Results from the model also predict that
cell-to-cell distance (extracellular space) could inversely affect
speed due to field effect, and this prediction was tested in vitro
with osmolarity experiments.

Materials and Methods

Computational methods

Model structure. The compartment model was built under NEURON 7.3
simulation environment (Yale School of Medicine, New Haven, CT). A
CA1 hippocampal pyramidal network was simulated because it is a typ-
ical region where 4-AP-induced spike was observed experimentally. Two
simulation models were tested: 4-AP/CA?* -free condition for epilepti-
form propagation and normal aCSF condition for physiological propa-
gation. In the model, each cell contains 33 compartments, with one
compartment for soma, 21 compartments for the apical dendrite, and 11
compartments for the basal dendrite. The lengths of the apical and basal
dendrites were 735.3 and 490.2 um, respectively, whereas both had a
diameter of 5.2 um (Shuai et al., 2003). Similar as to previous experi-
ments and models, the diameter of each cell body was 10 um (Warman et
al., 1994; Shuai et al., 2003; Kurt et al., 2004; Anastassiou et al., 2011). The
transmembrane potential V; for each compartment is described by the
relationship known as cable equation.
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Table 1. Gating equations for active channel current

Channel Gating equations
/Na gNam3h (Vm - ENa)
Iap oW (V= Ey,)
Iog o * (V,, — B)

Iy gaab (V,, — E)

I gmuz Vi — E)

I, gV, —E)

The gating equation for each active channel’s current is implemented using the Hodgkin—Huxley formulism.

Table 2. Maximum conductance values used in the model

lonic channels Maximum conductance values, S/cm

Ina 0.045
Inap 0.0003
Jkor 0.01
Ika 0.007
Im 0.059
gleak,soma 0.001
ieak,dendrites 2922 X10°
dx  Xe —
Each gate variable x (ie, m, h, w, n, a, b, u) depends on its corresponding gate function,E = ———, where

x, = a/(a, + By),and7, = 1/(a, + B,).Therate functions (c,, B,) forall currents were the same
as those in Shuai et al., 2003.

av;
Cm,iﬁ = Lyt (Vi = V) + 10 (Viey = V),
where C,, ;, V;, I, ;» are the membrane capacitance, transmembrane po-

tential, and transmembrane current of the i,th compartment respec-
tively; r; ;. ; is the cytoplasmic (axial) conductivity between the 7,th and
(i +1)th compartment. To simplify the model, only the soma compart-
ment contains active conductance; for dendritic compartments, the
transmembrane current only contains leak current I¥% = [, = ¢, V,,
with g; representing the passive conductance of the i,th compartment.

All passive membrane properties for each pyramidal cell were set to the
following values according to patch-clamp recordings and current-
clamp data in Ca>*-free conditions by Shuai et al. (2003): somatic mem-
brane resistivity R2°™ = 680 (cm?, somatic membrane capacitance
C;7™* =1 uF/cm, dendrite membrane resistivity Rf,f“d = 34,200 Qcm?,
dendritic capacitance C3" = 1 wF/cm, and cytoplasmic (axial) resistiv-
ity R;530Qcm. For each cell in the model, the transmembrane current for
somatic compartments I, 7 are given by the following:

m,i

soma __
- ILeak,i + Ilons,i)

m,i

where I} ., ;and Iy, ; are the leak current and total active ionic currents,
respectively.

For 4-AP/Ca?"-free kinetics, the calcium currents and calcium-
dependent potassium currents are eliminated (Shuai et al., 2003). In vitro
experiments and computational models for CA1 hippocampal pyrami-
dal cells stated that there are generally five major active ionic conduc-
tances in a Ca®"-free extracellular environment: a fast sodium current
I,» a delayed rectifier current I, an A-type transient current I, a
muscarinic current I, and a persistent sodium current I, (Warman et
al., 1994; Shuai et al., 2003). Thus, the total ionic current in the somatic
compartment consists of five active currents:

Lionsi = Ina + Ipg + Iy + Ly + Inap

The gating equations for each active current are implemented using the
Hodgkin-Huxley formalism (Hodgkin and Huxley, 1952) as in Table 1.
The maximum conductances are based on those of Shuai et al. (2003),
designed to reproduce the electrophysiological behavior of CA1 pyrami-
dal cells in low Ca?* concentration environment. However, 4-AP is a
blocker of the Kv1 voltage-activated K™ (A-type transient K) channels;
thus, we greatly reduced the maximum conductance of the I, potassium
channel, g,, to a near-zero value for 4-AP/Ca** -free kinetics, Table 2
shows the maximum conductance values used in the model.
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b In-silico network layout (3-D view)
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Figure 1.

CA1 Pyramidal cellular network layout in the model. a, Top view of the network (solid-colored circles represent soma positions). The network contains three rows of cells with 10 cell

locations in each row. The diameter of the soma is 10 .um and the soma edge-to-edge distance (d_) ranges from 2 to 4 um. Thus, the dimension of the network is 34~38 um X 124~136 wm.
b, 3-D view of the network. ¢, Physical representation of the stacking factor (SF). In each row, solid-colored cells represent the actual modeled cell locations, whereas empty-colored cells represent
the virtually stacked cells around the modeled cell locations. An example with SF = 3 is shown, where each cell was surrounded by two extra virtual cells at the same location and the amplitude of

electrical field generated by each modeled cells was multiplied by three.

To test whether field effect could mediate propagation with physio-
logic channel kinetics (normal aCSF), we adapted an established compu-
tational model by Wimmer et al. (2010) and Royeck et al. (2008). With
these kinetics, each cell contained six different distributed Ca?" chan-
nels, three different Na * channels, and seven K" channels that essen-
tially mimicked a normal experimental condition. The morphology of
the cell, the network layout, and neural activity initiation were the same
as the 4-AP/Ca*" -free model.

The neural network. The layout of the network was designed in a way to
capture the most important features of the physiological cellular layout
for hippocampal activity propagation while minimizing the number of
elements. The network is made up of three rows (Rows A-C) of neurons
with 10 cell locations in each row (Fig. 1a,b). The distance between each
two adjacent neurons (d._.) in a physiologic pyramidal network ranges
from 2 to 5 wm (Kurt et al., 2004; Anastassiou et al., 2011); in the model,
we tested 10 trials for each of the mean d___equal to 2, 3, and 4 um (n =
10 and variance = 0.1 um with Gaussian distribution for each d__). To
represent the cell stacking throughout the depth of a tissue slice, an
arbitrary “stacking factor” (SF) was generated to take into account the
actual number of cells around a certain location (Fig. 1¢). The value of the
SF was estimated from the volume cellular density reported from previ-
ous histology studies. In mice hippocampus, CA1 cellular volume density
varies from ~ 180,000 neurons/mm > to 300,000 neurons/mm > depend-
ing on specific locations in the CA1 region (Kurt et al., 2004; Jinno and
Kosaka, 2010). Using a tissue thickness of ~600 wm and the model

network area equal to ~4216—4788 um? (Fig. 1a;d = 2 um, area = 34 X
124 um; d = 4 um, area = 38 X 136 um), a SF between 15 and 28 would
best represent the cellular layout in tissue. In the model, stacking factor
values between 10 and 30 were tested.

Electrical field effect calculation. To test the hypothesis that endogenous
electric field alone could induce neural propagation, the synaptic con-
nections, gap junctions, and diffusion effects were eliminated in the net-
work. The cells in the first row were first initiated by an experimentally
determined extracellular potential (Fig. 2a). The mean values of 10 in
vitro signals acquired from each of the channels located at cell layer,
apical dendrites, and basal dendrites by Michigan Shank were applied
extracellularly at corresponding locations in each cell of Row A in the
model (Fig. 2b). The electric field effect was calculated using the quasi-
static formulation of the Maxwell equations assuming homogenous and
linear volume conductors (He, 2005). According to Ohm’s law for con-
ductors in Maxwell’s equations, the potential ¢ at the point P at a dis-
tance r relatively to the reference electrode in a medium of conductivity o
is as follows:

I

4mor

¢ (1)

Using superposition, Equation 1 can be generalized to j monopolar elec-
trodes from a total of i cells from the previous row(s) with a current I,

i,j—>n
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the model; Row B cells were only affected by
Row A cells, whereas Row C cells were affected
by both Row A and Row B cells with the electric
field effect.

Field amplitude and speed measurement. To
measure the resulting electrical field due to the
network firing activity and compare it to the
experimentally recorded waveforms, we placed
three virtual electrodes (v1, v2, and v3) outside
of the network (Fig. 3a) vertically to test
the network field amplitude, similar as to the
placement of Michigan Shank electrodes into
the in vitro slice. The middle electrode was
placed 30 wm away from the Row C middle cell
to account for approximately three rows of
dead cell around the Michigan Shank elec-
trode, a situation observed experimentally.
Each row’s resulting extracellular voltage at the
three virtual electrodes was calculated, and
the field amplitude was calculated by find-
ing the average of the spatial derivatives (Eq. 3).
The network field amplitude was the summa-
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The propagation speed was measured based on
the intracellular recording of each row’s mid-

dle cell, where the first spike of the action po-
tential peak time from each cell was recorded,
and the delay from Row A to Row B and from
Row B to Row C were calculated. The propaga-
tion speed was derived by taking the traveling
distance divided by delay time.
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Figure 2.

was the superposition of all fields generated by all Row A cells.

located at a distance r;;_,, to each target node # of the target cell. The
extracellular potential inserted at a target node n is given by the following:

SF i L
Vex,n - HT Ecelli - > (2)

ri,j~>n

where V,

ex,n

is the extracellular potential inserted at target node # in the
target cell, I; ;_,,, is the membrane current (assuming current going out of
the cell to be positive direction) at a node j of cell i located r; ;_., distance
from target node 1, with a total j = 35 nodes in each cell (Fig. 2b); o is the
extracellular conductivity (typically the extracellular resistivity p = 1/c is
250-380 Q2cm; 300 Qlem was used in the model; Gold et al., 2007; Logo-
thetis et al., 2007); SF is the stacking factor. The electric field effect could
only propagate the action potential in the transverse direction to simplify

Electric field interactions within the neural network. a, Initiation of the action potential by extracellular stimulation
for Row A cells using in vitro acquired signals. Each of the three signals was 10 times the average of 10 randomly selected trials from
invitro acquired signals (ie, cell layer, apical dendrites, basal dendrites). This is because physiological signals were acquired 10 -30
wmaway from its nearest cells due to the damage caused by the electrode insertion (estimated to be 2—3 cells layers), whereas in
the model, signals were inserted directly on the cell membrane. As extracellular potential decays at a rate inversely proportional to
the distance away from a point source, the potential amplitudes in the model were expected to be larger than what were seen
experimentally. The signals were applied at the middle point of soma and at the dendritic compartments adjacent to the soma. b,
Network field effect acting on one extracellular node of a target cell using Equation 2. The field acting on node n of cell 5 in Row B

In vitro field amplitude measurements in un-
folded hippocampus under the 4-AP/low Ca’*
condition. In vitro measurements of extracellu-
lar activity and electric field in unfolded mice
hippocampus were performed to measure the
propagation speed and validate the results of
the simulation. Experimental protocols were
approved by the Institutional Animal Case and
Usage Committee. CD1 mice from Charles
River Laboratories (P10—P20; of either sex)
were anesthetized and then decapitated. Subse-
quently, the whole hippocampus was separated
from the brain and unfolded by following a
previously developed protocol (Kibler and Du-
rand, 2011). All unfolded hippocampal prepa-
rations were then transferred into a recovery
solution of aCSF bubbled with 95% O,/5%
CO, and maintained at a room temperature (25°C) for at least 1 h before
recording. Normal aCSF buffer consisted of the following (mm): 124
NaCl, 3.75 KCl, 1.25 KH,PO,, 2 MgSO,, 26 NaHCO,, 10 dextrose, and 2
CaCl,.

During recording, 4-AP was added into a low-calcium solution to
increase the excitability of the tissue (Perreault and Avoli, 1989, 1992;
Schechter, 1997) and to maximally block synapses. Low Ca”*/4-AP
aCSF consisted of the following (mm): 0.1 4-AP, 124 NaCl, 5.25 KCl, 1.25
KH,PO,, 1.5 MgSO,, 26 NaHCO;, 10 dextrose, and 0.2 CaCl,. The ex-
tracellular potentials were acquired by a Michigan-type electrode array
inserted into the unfolded hippocampus along the dendritic—soma axis.
Electrical field amplitudes were calculated as the first difference of volt-
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ages measured by two adjacent channels on the
shank, one at the depth of cell layer (200 um
from the stratum) and the other in apical den-
drites. The Michigan shank was combined
through a multichannel workstation with data
acquisition system by Alpha w (AlphaLab
SNR).

In vitro propagation speed measurements in
unfolded hippocampus under the 4-AP/low
Ca?* condition. The propagation of the extra-
cellular activity and its speed in the CA1 region
of unfolded hippocampus was recorded by a
custom-made 64-channel microelectrode ar-
ray as previously described (Kibler et al., 2012;
Zhang et al., 2014). The preparation for the
tissue and the solution (4-AP/low-Ca, ) was
the same as described above. Each microelec-
trode was coated with a biocompatible insula-
tion material with only the tip being exposed.
The electrodes were patterned as an 8 X 8 ma-
trix with a 400 um electrode-to-electrode
space on the transverse direction and 300 wm
space on the longitudinal direction. As the un-
folded hippocampus was placed on the array,
each microelectrode was inserted into the tis-
sue and the extracellular activity at the location
was recorded. The propagation speed was then
calculated based on the distance between the
two neighboring electrodes divided by the
spike time delay recorded by the electrodes
(Kibler et al., 2012; Zhang et al., 2014).

In vitro propagation speed reduction by ap-
plying a blocking field in longitudinal slices under
the 4-AP condition. Preliminary studies were conducted to observe the
effect of applying an external blocking electric field on propagation of
spontaneous activity in vitro. The 4-AP solution consisted of the follow-
ing (mm): 0.1 4-AP, 124 NaCl, 3.75 KCl, 1.25 KH,PO,, 2 MgSO,, 26
NaHCO,, 10 dextrose, and 2.6 CaCl,. Longitudinal hippocampal slices
were used to observe the effect of applying an external electric field in the
opposite phase (“anti” field) to that of the propagating spike in between
the two recording sites on the CA3 layer (see Fig. 6a). A stimulator and
stimulus isolation unit was used to generate a field between 2 and 5
mV/mm. The electric field was generated across two 30 um diameter
tungsten-stimulating electrodes with (World Precision Instruments)
that were placed across the tissue and between the two recording sites.
4-AP-induced spikes were generated when tissue was exposed to 4-AP/
aCSF solution. Upon determining the propagation direction, the field
strength was varied and the delay between the two recording channels
was calculated.

In vitro osmolarity test on its effect of speed in longitudinal slices under
the 4-AP condition. To determine how extracellular space (osmolarity)
affects the propagation speed and thus validating the role of the elec-
trical field effect, we performed osmolarity experiments in vitro on
longitudinal slices in 4-AP solution, as the propagation is usually very
robust in that direction (Zhang et al., 2014). The extracellular osmo-
larity was both increased and decreased relative to the normal osmo-
larity condition. The control 4-AP solution was the same as described
above. For the low-osmolarity experiment, 150 ml of deionized water
and 15 uMm of 4-AP were added into the control 4-AP solution, result-
ing in a 15% dilution and a 10% decrease in osmolarity. For high
osmolarity experiment, 30 mm D-mannitol was added to the control
4-AP solution, causing an increase in osmolarity by 10%. Each osmo-
larity experiment (control, low, and high) started with the tissue
being exposed to the control 4-AP solution for 30 min and field
potential recorded from each trial. The high- or low-osmolarity solu-
tion was then introduced, and the field potential was recorded after 15
min of osmolarity change. The traveling speed of the spontaneous
activity was measured by two recording glass micropipette electrodes
(1.0 mm outer diameter and 0.5 mm inner diameter borosilicate glass

Figure 3.

a Field measurements in-silico
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b Extracellular potential
widening algorithm in-silico
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Speed and field measurements in the simulated network. a, Transverse action potential propagation and network
extracellular field measurement. Row A affects Row B, and both Rows A and B affect Row C through electrical field effect. Three
virtual electrodes were placed 30 ,um away from the third row middle cell the extracellular voltages resulting from all of the cells
in Row A—Cwere measured at v1, v2, and v3. The field amplitude was calculated as the average of the spatial difference of v1 and
v2 and the spatial difference of v1 and v3 (Eq. 3). b, When measuring the field amplitude, an extracellular potential widening
algorithm (“shifting algorithm”) was applied for each cell's extracellular waveform to best represent experimental recording. Each
recorded extracellular voltage waveform was widened by summing “shift” times of copies (each shifted by 1 time step) and
normalized to preserve the amplitude of the measured extracellular voltage signal. Among 30 randomly selected spikes from in
vitro Michigan shank recording, the mean spike width was 8.57 = 5.36 ms. The extracellular voltage from a single cell was shifted
in time N, times and added. The resulting waveform amplitude waveform was then divided by N. With Ny, = 20, the model
generated first spike width of 7.65 ms that is consistent with experimental results. This value of N, was used for all simulations.

filled with 150 mm NaCl solution) placed on the CA3 longitudinal
hippocampal slices, and the speed was determined by the transit time
between the electrode pair.

Results

Neural activity can propagate non-synaptically with weak
field amplitudes (pathological propagation)

We first sought to constrain and validate the simulated patholog-
ical model by recording in vitro electric field amplitude during
epileptiform activity (4-AP/low-Ca®" solutions) in the hip-
pocampus. Extracellular recordings obtained in the somatic layer
(V,) and apical dendrites (V,) by Michigan Shank showed trains
of bursting events recorded under these conditions (Fig. 4a, Left).
The electrical field amplitude near the cell layer was estimated by
taking the spatial derivatives of the two voltage measurements.
Among 65 spikes in five unfolded hippocampi, the field spiking
amplitude was found to be between 1.60 and 7.13 mV/mm with a
mean value of 3.5 = 1.0 mV/mm; most of the amplitudes fell
between 2.5 and 5 mV/mm (Fig. 4a, right). We then compared
these signals with the field amplitude obtained in silico with 4-AP/
Ca’**-free kinetics and observed similar characteristics (Fig. 4b,
left). The median network field amplitude from the model was
4.58 mV/mm (Fig. 4b, left), and the field ranged between 3.26 and
5.80 mV/mm (Fig. 4b, right) among 180 simulated trials with
randomized cell-to-cell distance d__. (2—4 pm) and physiologi-
cally relevant SF values based on hippocampal cell density. These
values fall within the known field amplitude range of ~3-6
mV/mm (Ghai et al., 2000; Radman et al., 2007; Frohlich and
McCormick, 2010). It was also determined that the field ampli-
tude increased with stacking factor SF (Fig. 4b, right). The extra-
cellular activity generated in the model traveled from Row A to
Row B and from Row B to Row C, showing that electrical field
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a In-vitro extracellular recording under 4-AP/Low-Ca?* condition
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Validation of the model through field amplitude and spiking characteristics. a, Left, Typical experimental recordings of extracellular potential from the somatic and dendritic layer

obtained in vitroin the transverse hippocampal slice (V/,and V,, respectively); the electric field amplitude s calculated by taking the spatial derivative of the voltages. Right, A histogram of the electric
field amplitude values recorded from 65 spikes from five unfolded hippocampus preparation showed that in vitro field amplitudes are between 2.5 and 5 mV/mm. b, Left, An example of simulated
extracellular electric field of Row A—Clayers in the model with SF = 20 and d__. = 2.94 um. Field amplitudes generated by Row A-C layers were 0.9, 1.14, and 2.45 mV/mm (Eq. 3), respectively,
and the network electric field amplitude was 4.58 mV/mm as the sum of the field amplitude produced by the three layers (Eq. 4). Propagation of the activity between the layers is shown in the insert
box. Right, For physiologically relevant values of SF, the network field amplitude ranged from 3.26 to 5.80 mV/mm (N = 180 where n = 10 trials with variance = 0.1 um for each of the mean values
ofd_. = 2,3,and 4 wm and physiologic SF = 15,17, 20, 22, 25, and 27; see Materials and Methods for physiologic SF range analysis), increasing with higher values of SF. ¢, Intracellular voltage

recordings indicate that action potential had a threshold of 0.132 mA with a 10 ms pulse.

effect alone was responsible for action potential propagation in
the CA1 hippocampal network (Fig. 4b, left, inset).

In addition, the intracellular waveform generated in silico was
similar to those observed experimentally. Using the control pa-
rameters given in Table 2, the model reproduced the essential
characteristics of the intracellular bursting activity seen in CAl
pyramidal cells. The resting potential, first spike amplitude, and
first spike width at half-amplitude width were —61.5 mV, 93.9
mV, and 6.5 ms, respectively (Fig. 4c). These parameters fall
within the experimentally measured ranges from previous CA1l
pyramidal cell in vitro studies (resting potential: —75 mV~ —52
mV; first spike amplitude: 70 ~ 103.2 mV; and first spike width at
half-amplitude: ~1~8 ms; Deuchars and Thomson, 1996; Su et

al., 2001; Shuai et al., 2003; Golomb et al., 2006). The action
potential fired at 12.09 mV above the resting potential when the
stimulus was at 0.132 nA/10 ms, matching the in vivo measured
threshold values (12.1 mV above the resting potential; Su et al.,
2001; Fig. 4c).

Spiking events propagate by electrical field effect with speeds

of ~0.1 m/s in silico and in vitro (pathological propagation)

We then looked at the recorded epileptiform activity propaga-
tion speed in the CA1 region of unfolded hippocampus under
4-AP/low-Ca*" environment. A high aspect ratio microelec-
trode array was used to record the activity and the spikes
obtained in a solution containing 4-AP/low-Ca*" at four ad-
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Figure5.  Propagation of spiking events and their speeds in vitro and in-silico. a, Left, Picture of the array and the locations of the four recording channels (a— d) in the CA1 region of the unfolded

hippocampus. Right, An example of a set of extracellular signals acquired at the four channels. With a distance of ~0.9 mm from a to d and time delay of the peaks equal to 8.4 ms, the propagation
speedis 0.107 m/s. b, A histogram of the propagation speeds acquired in vitro for 139 speed samples from 6 unfolded hippocampal preparation. ¢, A typical set of simulated intracellular waveforms
from the middle cell in Rows A—Cupon spiking initiation of the first layer. With SF = 20 and d__. = 2.94 um, a delay 0f 0.22 and 0.16 ms were recorded between the first spike peaking time of Row
Aand Row B middle cells and Row B and Row C middle cells. The total distance traveled is 35.88 n.m, and with a total delay of 0.385 ms, the propagation speed is 0.093 m/s. d, Propagation speed
atvarious SF (10~30) and d__. (2, 3, or 4 um) with n = 10 and variance = 0.1 um for each SF and mean d_ (N = 180; n = 10 random trials with variance = 0.1 um around mean values of d_.
=2,3,and 4 wm and physiologic SF = 15, 17, 20, 22, 25, and 27). Within the physiologic SF range (15-27), the average speed is 0.12 = 0.097 m/s for d_. = 2~4 um. Speed increases as SF

increases and d_._ decreases.

jacent spikes are shown in Figure 5a traveling at a speed of
~0.1 m/s. Among 139 speed samples from the CA1 regions of
six unfolded hippocampal preparations, the in vitro transverse
speed ranged from 0.05 to 0.2 m/s, with a mean of 0.10 * 0.03
m/s (Fig. 5b). These results clearly match the values obtained
in the simulations, and are similar to those obtained in Zhang
etal. (2014).

The experimental propagation speed in 4-AP/low-Ca**
was compared with the simulated propagation speeds with the
4-AP/Ca, -free kinetics in silico. The propagation speed
across the network was evaluated based on the action potential
peak time delay from each row’s middle cell (namely, cell 5 of
each row; Fig. 1a). This is because the middle cells experience
the strongest field effect compared with other cells in the row
according to Equations 1 and 2. We recorded action potential
waveforms and calculated the propagation speeds by taking
the distance traveled from Row A to Row C divided by the total
action potential delay time (A#, + At,). Figure 5¢ shows an
example of membrane potential signals with d__. of 2.94 um
and SF set to 20 in the middle of the physiological range.
Through only the electrical field effect in the network, the
activity propagated from Row A to Row C with propagation
speed of 0.093 m/s. Among 180 simulated trials with random
cell-to-cell distance d__. and physiological stacking factor SF
values, the field effect driven activity in the model propagated

at a mean speed of 0.23 = 0.096 m/s, 0.10 = 0.048 m/s, and
0.05 * 0.020 m/s for trials with mean d___ = 2, 3, and 4 um,
respectively, with a total mean speed of 0.12 * 0.097 m/s; the
propagation speed increased with higher values of SF (Fig. 5d).

Blocking the endogenous field (in vitro) and increasing
cellular distance (in silico and in vitro) both result in a
decrease in speed
To determine whether electric fields directly affect the speed of
propagation, two electrodes were positioned to generate a DC
electric field parallel to the dendritic tree main axis thereby
opposing the endogenous field (Fig. 6b). Without stimulation,
the average delay between two events obtained from the two record-
ing electrodes was 66.01 = 1.01 ms (42 spike-pair, 3 slices). With a
field of 1 mV/mm applied across the cell layer the average delay
increased to 74.86 £ 0.99 ms (40 spike-pair, 2 slices), resulting in a
13% decrease of the speed (Fig. 6¢). Varying the field to 3 and 5
mV/mm resulted in 81.85 = 1.05 ms (35 spike-pair, 2 slices) and
121.58 = 15.67 ms (34 spike-pair, 2 slices) in delay time, respectively.
This corresponds to 24% (3 mV/mm) and 84% (5 mV/mm) de-
creases in speed. These results confirm that the propagation mecha-
nism of spontaneous activity in the hippocampus is consistent with
electric fields.

The in silico model predicted that the speed of propagation
should decrease with increasing distance between neurons. When
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Effect of applying endogenous field in vitro and testing of the model prediction of the inverse relationship between extracellular volume and speed. a, Schematic of applied electric field

between two recording sites (RECT and REC2) on the CA3 in the longitudinal slice. An “anti” field within the physiological range (1-5 mV/mm) was generated using a stimulator and currentisolator.
b, An example of 4-AP-induced spikes under no stimulation followed by applied electric field of 1,3, and 5 mV/mm. ¢, Effect of applied field on propagation delay between two recording channels.
Observe anincrease in delay with anincrease in applied electric field. d, Effect of distance between cells on the speed of propagation in silico. Using d... = 3 um as control group, propagation speed
increased when d__ d__. decreased, and decreased when d__. increased. e, Effect of osmolarity on speed of propagation in vitro. Compared with activity in normal osmolarity of the 4-AP solution,
propagation speed increases at low osmolarity (cell swelling and decreased cell-to-cell distance) and decreased at high osmolarity (cell shrinking and increased cell-to-cell distance).

setting d._. = 3 um as the control group, the propagation speed
increased by 130% when d__. decreased to ~2 pum, and decreased
by 50% when mean d___increased to ~4 um (Fig. 6d). To test this
prediction, we subsequently performed osmolarity experiments
on longitudinal slices in 4-AP solution in vitro and found a sim-
ilar relationship between the change in extracellular space vol-
ume and the resulting 4-AP-induced spike propagation speed. By
decreasing the osmolarity of 4-AP aCSF (cell swelling and d._.
decreases), the time delay between signals measured along the

CA3 layer decreased from 10.12 = 3.22 ms (n = 41 spike-pairs
from 2 slices in normal osmolarity) to 4.53 = 2.59 ms (n = 73
spike-pairs from the same 2 slices in low osmolarity >10 min
after dilution). With a measured distance between the two glass
pipettes equal to 0.8 mm, a 125% increase in speed was obtained.
Conversely, by increasing the osmolarity of 4-AP aCSF (cell
shrinkage and d__. increases), the time delay increased from
5.95 *+ 1.12 ms (26 spike-pair from 2 slices in normal osmolarity)
to 9.76 = 1.78 ms (50 spike-pair from the same 2 slices in high
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Electrical field-induced spiking event and its propagation with physiological channel kinetics. a, Using normal channel kinetics, simulated pyramidal cells fire at an intracellular

stimulation threshold of 0.092 nA/10 ms, and the action potential exhibits normal action potential characteristics. b, A sample set of extracellular field recording with SF = 20 and d,_. = 1.93 um.
The field amplitude is 0.68, 0.72, and 1.43 mV/mm for Row A, B, and Clayers, resulting a total network field amplitude of 2.83 mV/mm. ¢, A sample set of intracellular recording from Row A, B, and
Cmiddle cells with SF = 20and d._. = 1.93 um. The total propagation delay was 0.3 ms, and with a traveling distance of 33.86 tum (3 soma diameters plus 2d__,), the speed is 0.11 m/s. d, Network
field amplitude at various SF with mean d,_. = 2 um (n = 10 and variance = 0.1 m for each SF). The field amplitude increases with SF, and within physiologic SF range, network field amplitude
ranges from 2.33 to 3.06 mV/mm is well within the physiologic range observed in vitro. e, Propagation speed at various values of SFand d__. varying a mean of ~2 wm (n = 10 and variance = 0.1
um for each SF). The speed increases with SF, and within physiologic SF range, the mean propagation speed is ~0.1 m/s.

osmolarity), corresponding to a 46.8% decrease in speed (Fig.
6e). These results confirm the predictions of the model regarding
the effect of cell-to-cell distance on the speed of propagation.

Electrical field propagation of 0.1 m/s also occurs in
physiological conditions in silico

Previous experimental studies suggested that physiological
propagations, such as theta wave also exhibits a traveling
speed of 0.1 m/s (Cappaert et al., 2009; Lubenov and Siapas,
2009). With normal aCSF kinetics, the modeled cell produced
an intracellular signal that captured physiological action po-
tential characteristics upon initial stimulation (Fig. 7a). The
speed and network field amplitude were collected with ran-
dom d__. centered at 2 um and with physiological SF range
(N = 40: n = 10 trials with random cell-to-cell distance for
mean d._. = 2 pm and variance = 0.1 wm and physiological
SF = 15, 20, 25, and 30). Within the physiological range of SF,
the mean propagation speed was 0.11 * 0.03 m/s (Fig. 7c,e)
and the field amplitude ranged from 2.33 to ~3.06 mV/mm
(Fig. 7b,d). These results imply that electrical field effect alone
can produce neural propagation not only in pathologic
epileptiform-inducing environments, but also in networks
with normal channel kinetics.

Parameter sensitivity analysis indicates that the model is
consistent with known applied field effects and robust to
changes in intrinsic parameters (pathologic condition)
Previous studies related to the effect of an externally applied field
on the speed of a traveling wave both in individual hippocampal
CA1 pyramidal cells and a network of neocortical cells showed
that an excitatory (or depolarizing) field can enhance the propa-
gation speed (Richardson et al., 2005; Radman et al., 2007). Our
results confirmed this relationship but with an endogenous elec-
trical field. For both pathologic and physiologic conditions, as the
field amplitude increased due to the increasing SF, the resulting
speed also increased (Figs. 4b, right, 54, for the pathologic condi-
tion; Fig. 7d,e for the physiological condition). Further, we found
an inversely-linear relationship between the field amplitude and
the propagation time delay for every cell-to-cell distance group
(Fig. 8a), similar to the inversely-linear relationship between ap-
plied field and changes in action potential delay in a single cell
shown by Radman et al. (2007). Changing the extracellular resis-
tivity (R,,) also affected the field amplitude thus the propagation
speed. We examined the effect on the propagation speed with
+40% change of the R, value (n = 3 with d__= 2 um, 3 um, and
4 pm for each R.,). The speed increased with a larger value of R,
(Fig. 8D) because of the resulting higher field amplitude (Fig. 8¢)
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Fieldamplitude and extracellular resistivity effect on the propagation time delay and speed. a, Relationship between simulated action potential traveling delay time (from Row A to Row

() and endogenous field amplitude generated with various SF values in 4-AP/no Ca condition. For each d_ group, the time delay decreases linearly as field amplitude increases. b, Propagation speed
increases with extracellular resistivity (R,,; n = 3 for each R,, with d_. = 2, 3, and 4 um) but there is no significant differences among groups (p > 0.05 with one-way ANOVA). Within the
physiologic range or R, (250~380 {2cm, Anatassiou et al., 2011), the speed ranges from ~0.1to ~0.4 m/s. ¢, Endogenous field amplitude increases with R,, (n = 3 for each value of R, with d_ .
=2,3,and 4 um) but there is no significant differences among groups (p > 0.05 with one-way ANOVA). Within physiologic R, range, field amplitude ranges from ~4 to ~5 mV/mm.

within the physiologic range, but the effect was not significant
(ANOVA one-way analysis and one-sample ¢ test) for field am-
plitude or speed. These results indicate that the field effect does
not depend on one important variable involving the field ampli-
tude, namely the extracellular resistance within the physiological
range of SF values. We also examined the dependence on
membrane-specific resistance and capacitance (data not shown)
and found that the effect is robust to changes in those variables as
well.

Discussion

The observation that neural activity can propagate at a speed of
~0.1 m/s in both the physiologic and pathologic conditions
(Haas and Jefferys, 1984; Miles et al., 1988; Quilichini et al., 2002;
Cappaert et al., 2009; Lubenov and Siapas, 2009; Kibler and Du-
rand, 2011; Liu et al., 2013) suggests that a common mechanism
for neural communication is involved. Despite the fact that
chemical synapses and gap junctions usually maintain propaga-
tion, 4-AP-induced spikes still persisted in the presence or ab-
sence of chemical/electrical synapses (Zhang et al., 2014), thus,
the mechanism could not be synaptic or gap junction mediated.
Previous studies related to such type of propagation also elimi-
nated the possibility for axonal conductions and ionic diffusion
(Miles et al., 1988; Weissinger et al., 2000; Lian et al., 2001; Meeks
and Mennerick, 2007; Jensen, 2008; Kibler and Durand, 2011) as
their speeds are not consistent with a speed of 0.1 m/s. The only
remaining explanation for the governing mechanism is endoge-
nous electrical field effect. The field effect is said to be endoge-

nous when no external current or voltage source generate the
field; rather, it is the electrical field generated by the cells firing
themselves that in turn influence the behavior of the adjacent
cells in the same network. The electrical field effect is generally
thought to be too small to give rise to action potentials (Chan
and Nicholson, 1986; Anastassiou et al., 2011). However, sev-
eral studies have shown that electrical fields applied externally
can modulate neural activity at low amplitudes or with ampli-
tudes that match the endogenous levels (Chan and Nicholson,
1986; Radman et al., 2007; Frohlich and McCormick, 2010;
Anastassiou et al., 2011). Francis et al. (2003) demonstrated
that a neural network is much more sensitive to field modula-
tion than single neurons, and that the highly structured and
dense cellular packing in hippocampus makes this region of
the brain highly sensitive to field effects. Moreover, endoge-
nous electrical fields generated by antidromic activation can
trigger after-discharges in the hippocampus in the absence of
synaptic transmission, indicating that transient extracellular
electrical fields (filed effect interaction) could be responsible
for the observed synchrony (Taylor and Dudek, 1982). How-
ever, there is little or no information in the literature concern-
ing the ability of electric field to sustain a regenerative wave
propagating in densely packed neural network. Yet, the prop-
agation of 4-AP-induced spikes (at 0.1 m/s) recently observed
in the hippocampus in the absence of synapses and gap junc-
tions was attributed to field effects by default (Zhang et al.,
2014).
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In this study, we used computer simulations in silico to test
the feasibility of field effect as a propagation mechanism of
action potentials within a hippocampal CA1 pyramidal net-
work and performed experiments in vitro to confirm both
speed and field amplitude results. Further, by applying a
blocking “anti” field into the network in vitro, we observed
speed reduction. The simulation in silico also provided infor-
mation on how endogenous field strength (amplitude) relates
to the propagation speed, which is consistent with previous
experimental studies, as well as how robust the propagation
speed is in regard to internal cell and network parameters.
Finally, the model made predictions that were confirmed ex-
perimentally concerning the relation between cell distance
and speed, and that the speed was not related to extracellular
resistivity, membrane capacitance, or membrane resistance
(in silico only). Together, this study confirms that the electric
field effect with amplitude within the physiologic range can be
sufficient to generate propagation of neural activity. Further-
more, we provided a demonstration that the speed of propa-
gation is determined by the amplitude of the field.

The cellular network in the simulation consists of 30 hip-
pocampal CA1 pyramidal cell locations (10 cells/row X 3 rows;
Fig. 1), where cell-to-cell distances were set between ~2 and ~4
um (Kurt et al., 2004; Anastassiou et al., 2011). An arbitrary SF
was used to take into account the actual number of cells around
each location. Its value was constrained by the physiological cell
density in hippocampal CA1 region (physiological SF range =
15~28 based on cell density). The model was validated as the field
amplitude from the simulation with pathologic kinetics (~3 to
~6 mV/mm; Fig. 4b) and physiologic kinetics (~2 to ~3 mV/
mm; Fig. 7d) matched the range obtained in our experimental
recordings in hippocampus (2.5-5 mV/mm; Fig. 4a) and in the
literature of recorded field amplitude in hippocampal slices
(Ghai et al., 2000; Radman et al., 2007; ~5 mV/mm) and in
cortex (up to 4.52 mV/mm; Frohlich and McCormick, 2010).
Finally, the model successfully reproduced physiological intracel-
lular spike characteristics both in a 4-AP/Ca**-free (Fig. 4c) and
in normal aCSF environment (Fig. 7a). These results indicate that
the model is well validated to simulate a physiological system
composed of layers of neurons.

Upon initial stimulation, simulated transverse propagation of
the activity was observed both with 4-AP/Ca*" -free and normal
channel kinetics in the simulation at an average speed of ~0.1
m/s (Figs. 5¢,d, 7c,e), matching the 0.1 m/s speed reported for
4-AP-induced spike propagation (Miles et al., 1988; Quilichini et
al., 2002; Kibler and Durand, 2011; Liu et al., 2013), low Ca**
field-bursting (Haas and Jefferys, 1984), and physiologic theta
oscillations both in vitro (Cappaert et al., 2009) and in vivo
(Lubenov and Siapas, 2009). Experiments in the CA1 region of
unfolded hippocampus under 4-AP/low-Ca>" condition in vitro
also showed the same speed range (Fig. 54,b). By applying an
“anti” fields of matching amplitudes as the recorded field ampli-
tudes in real time, a reduction of speed was seen (Fig. 6¢). To-
gether, both in silico and in vitro results indicate that field effect
itself can be solely responsible for neural activity propagation
with a speed of 0.1 m/s in a cellular network independently of
channel kinetics.

Further, the electrical field effect is consistent with the results
of the experiments on the effect of osmolarity (extracellular
space) on neural propagation speed. In the study, the simulation
predicted that a smaller d__. could induce a higher speed (Fig. 6d).
In vitro experiments confirmed this prediction, whereby 4-AP-
induced epileptiform activity in hippocampal longitudinal slices
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traveled faster when extracellular osmolarity was lowered (cells
swelling), and vice versa (Fig. 6e). This also matches with the
relationship between osmolarity and propagation speed in low
Mg>*-induced seizure activity in hippocampal CA1 region (Sha-
har et al., 2009). These results confirmed that the strength of
electrical field plays a significant role in determining the neural
activity propagation speed. For instance, a smaller d._. increases
the endogenous field amplitude according to Equations 1 and 2.
Experiments from Francis et al. (2003) and Vigmond et al. (1997)
also confirmed that a more tightly packed network increases the
electrical impedance and field sensitivity between cells, thereby
strengthening the field amplitude. On the other hand, parameter
sensitivity analysis showed that the propagation speed is highly
influenced by change in endogenous field amplitude but not by
intrinsic parameters. It has been suggested that there exists a
linear relationship between externally applied field amplitude
and changes in action potential timing in a single cell such that
the stronger the field strength, the earlier the cell fires (Radman et
al., 2007). Interestingly, we found that the endogenous field am-
plitude and propagation delay share a similar inverse linear rela-
tionship (Fig. 8a), where the time delay decreases (speed
increases) as field amplitude increases. Parameter sensitivity
analysis showed that parameters that affect minimally the field
amplitude, such as extracellular resistivity (Fig. 8b,c), membr-
ane capacitance (data not shown), and passive membrane resis-
tance (data not shown) in turn do not affect propagation speed.
These results show that network endogenous field amplitude is
the key factor in determining the propagation speed induced by
field effect, and the speed is robust to extracellular resistivity,
membrane capacitance, and membrane resistance. Therefore, the
propagating mechanism is dependent on the network properties
(eg, cell density) but not individual cell properties, suggesting
that this phenomenon may be more general than originally
anticipated.

Thus, the hypothesis that the propagation of neural activity
can be carried out solely by electric fields is consistent with exper-
imental data as well as computer simulations. The fact that the
speed of the propagation remains constant under different exper-
imental conditions can be explained by the presence of an electric
field effect associated with neural firing generated by the network
configuration and not by the properties of individual cells. This
electrical field effect is revealed when synaptic transmission is
blocked and both pathologic and normal propagation can exist
simultaneously with field effect governing short range or local
propagation, where synaptic transmission may govern long-
range propagation and communication.

Conclusion

This study shows that in a simulated hippocampal pyramidal cell
network, an electrical field of ~2-5 mV/mm can underlie the
transverse propagation of action potentials with a speed of ~0.1
m/s, both with pathologic (4-AP/CA**-free) and physiologic
channel kinetics. This field-effect-induced propagation speed
matches with the speed of 4-AP-induced activity, as well as theta
waves recorded from both in vitro and previous in vivo experi-
ments. Parameter sensitivity analysis revealed that the endoge-
nous field amplitude is the main factor that plays an important
role in influencing the speed (there exists an inverse linear rela-
tionship between field amplitude and propagation time delay),
whereas intrinsic parameters, such as passive and active mem-
brane properties, do not significantly affect the speed. Finally, it
was shown both in experiments and simulations that a tightly
packed network (either in silico or induced by low osmolarity)
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can produce an increase in propagation speed (and vice-versa),
confirming that extracellular-space induced changes in field am-
plitude can influence speed. Moreover, applied blocking electric
fields can significantly affect the speed of propagation. Together,
these results reveal a novel propagation mechanism consistent
with ephaptic field effects that could lead to better understanding
of neural activity propagation in both the abnormal condition,
such as epilepsy, or the normal condition, such as theta waves.
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