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Abstract

Intrinsic oscillators in the central nervous system play a preeminent role in the neural control of rhythmic behaviors, yet
little is known about how the ionic milieu regulates their output patterns. A powerful system to address this question is the
pacemaker nucleus of the weakly electric fish Apteronotus leptorhynchus. A neural network comprised of an average of 87
pacemaker cells and 20 relay cells produces tonic oscillations, with higher frequencies in males compared to females. Previous
empirical studies have suggested that this sexual dimorphism develops and is maintained through modulation of buffering
of extracellular K* by a massive meshwork of astrocytes enveloping the pacemaker and relay cells. Here, we constructed a
model of this neural network that can generate sustained spontaneous oscillations. Sensitivity analysis revealed the potassium
equilibrium potential, Ey (as a proxy of extracellular K* concentration), and corresponding somatic channel conductances as
critical determinants of oscillation frequency and amplitude. In models of both the pacemaker nucleus network and isolated
pacemaker and relay cells, the frequency increased almost linearly with Ey, whereas the amplitude decreased nonlinearly
with increasing Ey. Our simulations predict that this frequency increase is largely caused by a shift in the minimum K*
conductance over one oscillation period. This minimum is close to zero at more negative Ey, converging to the correspond-
ing maximum at less negative Eg. This brings the resting membrane potential closer to the threshold potential at which
voltage-gated Na*t channels become active, increasing the excitability, and thus the frequency, of pacemaker and relay cells.

Keywords Astrocytes - Central pattern generator - Computational modeling - Potassium equilibrium - Sexual dimorphism -
Sustained spontaneous oscillations

1 Introduction

Sex differences in behavior are one of the best-characterized
phenomena in ethology (for review see Kelley, 1988). How-
ever, much less is known about the morphological and physi-
ological features that control such sexual dimorphism in the
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central nervous system (CNS). An organism in which both
aspects can be readily studied is the brown ghost knifefish
(Apteronotus leptorhynchus). This gymnotiform species pos-
sesses an electric organ formed by electrocytes — enlarged
axonal terminals of modified spinal motoneurons known
as electromotoneurons (Bennett, 1971; de Oliveira-Castro,
1955; Waxman et al., 1972). The synchronized discharge
of the electrocytes produces the electric organ discharge
(EOD). The frequency of the EOD (fiop) is highly con-
stant in a given fish but varies among individuals within the
650-1000 Hz range, with males typically generating dis-
charges at higher frequencies than females and very little
overlap between the two sexes (Meyer et al., 1987; Zupanc
et al., 2014). Behavioral experiments have suggested that
this sexual dimorphism in fgop aids sex recognition in A.
leptorhynchus (Engler & Zupanc, 2001). The develop-
ment and maintenance of this sex-specific difference is
under control of steroid hormones, as indicated by a robust

@ Springer


http://orcid.org/0000-0003-4861-9606
http://orcid.org/0000-0002-4680-8342
http://orcid.org/0000-0002-2727-324X
http://orcid.org/0000-0003-0926-4312
http://orcid.org/0000-0001-8715-9994
http://crossmark.crossref.org/dialog/?doi=10.1007/s10827-021-00789-2&domain=pdf

420

Journal of Computational Neuroscience (2021) 49:419-439

gradual decrease in fgop following chronic administration
of B-estradiol (Meyer et al., 1987; Schaefer & Zakon, 1996;
Zupanc et al., 2014).

The brain structure that controls fqp is the pacemaker
nucleus (Pn) (for review see Dye & Meyer, 1986). Neural
oscillations of this brainstem nucleus drive the EOD, via a
descending volley of spikes, in a one-to-one fashion, i.e.,
Jeop equals the frequency of the Pn, fp,. Several types of
neurons have been identified in the Pn: two subpopulations
of small interneurons, with overlapping size distributions
but differing in morphology (Sirbulescu et al., 2014; Smith
et al., 2000; Turner & Moroz, 1995); and two morphologi-
cally distinct populations of large neurons, with somatic
diameters between 25-40 pm in the former and 50-70 pm
in the latter, referred to as pacemaker and relay cells, respec-
tively (Dye & Heiligenberg, 1987; Elekes & Szabo, 1985;
Sirbulescu et al., 2014). The two types of large neurons have
been shown to be critically involved in the generation of Pn
oscillations (for review see Dye & Meyer, 1986). Their num-
bers are remarkably similar across adult fish (mean =+ stand-
ard error (SE) of 87 +4 pacemaker cells and 20 + 1 relay
cells) and independent of the individual’s sex (Sirbulescu
et al., 2014). Pacemaker cells are extensively coupled to
each other as well as to relay cells through electrotonic syn-
apses. While the somata of both cell types are confined to
the Pn, the axons of relay cells project to the spinal cord to
form electrotonic junctions with the electromotoneurons. By
contrast, the function and connectivity patterns of the small
interneurons are currently unknown, and they outnumber
pacemaker and relay cells roughly 50-fold, making accurate
modeling challenging. Accordingly, they were not consid-
ered further in the present study.

A remarkable feature of the Pn is the large number of
astrocytes it contains, estimated at approximately 40,000 in
the average adult fish (Sirbulescu et al., 2014). Thus, they
outnumber pacemaker and relay cells almost 400-fold, and
all identified Pn neurons (total of approximately 5,400)
7-fold. For comparison, glia-to-neuron ratios were estimated
at 0.5-2 in mammalian brains (Hilgetag & Barbas, 2009;
von Bartheld et al., 2016), congruent with the 2:1 ratio of
S100-expressing astrocytic cells to Hu C/D-expressing neu-
rons found in the spinal cord of A. leptorhynchus (Sirbulescu
et al., 2017). Thus, the large relative number of astrocytes
versus neurons appears to be specific to the Pn, and not to
the CNS of this organism in general. The tremendous abun-
dance of astroglia in the Pn is paralleled by an extremely
high rate of gliogenesis (Sirbulescu et al., 2014).

What might be the function of the enormous number of
astrocytes in the Pn? It has been hypothesized that opera-
tion of the ATP-fueled Na*/K* pump is sufficient to remove
K" ions from the extracellular space and cycle them back
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to neurons during low-frequency firing in other CNS sub-
systems. However, it is thought that buffering and redistri-
bution of extracellular K* during high-frequency firing are
instead primarily achieved through the action of the sur-
rounding astrocytes (Lux et al., 1986; Somjen, 2004). Given
the lifelong continuous firing of pacemaker and relay cells
at extremely high frequencies (0.6—1 kHz), and the resulting
release of massive amounts of K* from these cells into the
extracellular space, it is plausible that one of the chief func-
tions of the Pn astrocytic meshwork is to buffer the continu-
ous increase in the extracellular concentration of potassium,
[K*],, by means of specific K* channels. Following uptake
of extracellular K*, the abundant coupling of astrocytes
via gap junctions, as indicated by the intense connexin-43
immunoreactivity associated with these cells (Zupanc et al.,
2014), might serve as a mechanism to aid redistribution of
K* from sites of excessive levels to sites of lower K* con-
centrations within the Pn.

Notably, the morphology and expression patterns of Pn
astrocytes exhibit pronounced sexual dimorphisms (Zupanc
et al., 2014). Both the surface area of pacemaker and relay
cells covered by glial fibrillary acidic protein (GFAP)-
expressing astrocytes, as well as the overall intensity of
GFAP expression within the Pn, are markedly higher in
females than in males. In addition, gap-junction coupling
within the astrocytic syncytium is also significantly stronger
in females, as suggested by sex-dependent differences in
expression of the gap-junction protein connexin-43. Simi-
lar to the development of the sexual dimorphism of frqp, the
morphology and expression pattern of the astrocytic syncy-
tium are under control of steroid hormones, as suggested
by chronic implantation experiments (Zupanc et al., 2014).

Our working hypothesis is that modulation of extracellu-
lar K* buffering by the astrocytic syncytium associated with
pacemaker and relay cells is a key mechanism for regulating
Jpn» and thus for the development and the maintenance of the
sexual dimorphism in fgop (Zupanc, 2017, 2020; Zupanc
et al., 2014, 2019). In the present study, we addressed this
hypothesis from a modeling point of view, which provided
a theoretical foundation to explore the relationship between
the potassium equilibrium potential, Eg, and fp,. We first
constructed a computational model of the Pn neural net-
work that can generate sustained spontaneous oscillations in
a similar frequency range as its biological counterpart. Then,
we used this model to examine the effect of variations in Ey,
assumed to reflect changes in [K*],, on the frequency and
amplitude of oscillations produced by the network. Insights
from this work could help design in vivo or in vitro experi-
ments that more accurately probe the morphological and
physiological features controlling sexual dimorphisms in a
specific CNS system.
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2 Methods
2.1 Modeling of pacemaker and relay cells

Pacemaker and relay cells were modeled using the NEURON
Simulation Environment (version 7.7) (Hines & Carnevale,
1997) with Python (version 3.7) as the interpreter (Hines
et al., 2009). Each cell consisted of two cylindrical compart-
ments (somatic and axonal) subdivided into 1-pm long seg-
ments expressing Hodgkin-Huxley ion channels, with param-
eter specifications (segment sizes and electrical properties,
channel conductances, and equilibrium potentials) derived
from morphological and biophysical data (Dye, 1991; Dye
& Heiligenberg, 1987; Elekes & Szabo, 1985; Juranek &
Metzner, 1998; Moortgat et al., 2000a; Shifman et al., 2020;
Sirbulescu et al., 2014) (Table 1). Ion channel kinetics were
scaled to 27 °C, the mean water temperature at which A.
leptorhynchus is kept in our laboratory.

2.2 Modeling of pacemaker nucleus network

The Pn was modeled as a network consisting of 87
pacemaker cells and 20 relay cells, reflecting the aver-
age counts of these two neuronal cell types in A. lepto-
rhynchus (Sirbulescu et al., 2014). Consistent with cell
morphological data (Dye & Heiligenberg, 1987; Elekes
& Szabo, 1985; Moortgat et al., 2000a; Yamamoto et al.,
1989; Zupanc et al., 2014) and previous modeling studies
(Lucas et al., 2019; Moortgat et al., 2000b; Zupanc et al.,
2019), each pacemaker cell made synaptic contact via
rectifying gap junctions with exactly 6 other unique pace-
maker cells and 7 unique relay cells, randomly selected
from the corresponding populations (see Fig. 1a for a typi-
cal network; created using Gephi version 0.9.2 (Bastian

et al., 2009)). Since it is currently unknown whether gap-
junction coupling strength differs between pacemaker cells
making synaptic contact with other pacemaker cells, and
pacemaker cells making such contacts with relay cells, we
assumed the conductances for these two connection types
to be identical. Relay cells did not project to any other Pn
network cell, and their axonal endings were left closed.

Rectifying gap junctions were implemented using the
model description language NMODL (Hines & Carnevale,
2000) and assumed a mechanism with instantaneous rectifi-
cation. They were modeled as two NEURON point processes
attached to the last axonal segment of the presynaptic cell
and the first somatic segment of the postsynaptic cell. Their
conductivity was allowed to vary within an operable range
of [0.5, 10.0] nS proportionally to the voltage difference
between the presynaptic and postsynaptic cell, consistent
with their experimentally-determined properties (Giaume
et al., 1987; Gutierrez & Marder, 2013; Spray et al., 1981).
The underlying point processes were set to monitor the
membrane potential, V, of each segment and then deliver
the correct amount of current to it based upon the varied
conductance (Gutierrez & Marder, 2013).

2.3 Numerical simulation of neural activity patterns

Pn networks, as well as isolated pacemaker and relay cells,
were simulated for a total of 100 ms under spontaneous con-
ditions only (i.e., without injecting current), with over 1.5
million independent scenarios conducted during this study.
All simulations were initialized from V=-65 mV for all
segments in all cells, and numerically integrated using a
variable time step via NEURON’s adaptive integration fea-
ture. Simulations were performed on a MacBook Pro 2019
(8-core Intel Core 19 CPU at 2.3 GHz with 16 GB RAM) and
the Discovery cluster of Northeastern University (up to 20

Table 1 Morphological and biophysical parameters of model pacemaker and relay cells

Pacemaker Cells Relay Cells
Parameter Notation Soma Axon Soma Axon
Segments nseg (unitless) 30 45 65 40
Length L (um) 30.0 45.0 65.0 40.0
Diameter D (um) 30.0 8.0 65.0 7.0
Axial resistivity R, (Q-cm) 100.0 100.0 100.0 500.0
Specific membrane capacitance C,, (uF/cm?) 1 1 1 1
Maximum specific Na* channel conductance gy, (S/em?) [0,2.0]or 1.0 0.5 [0, 2.0] or 0.75 0.5
Maximum specific K* channel conductance gy (S/cm?) [0, 0.2] 0.02 [0, 0.2] 0.05
Specific leak conductance g1 (S/em?) 0.0001 0.001 0.0003 0.001
Na* equilibrium potential Ey, (mV) [0, 100] or 50 [0, 100] or 50 [0, 100] or 50 [0, 100] or 50
K* equilibrium potential Eyx (mV) [—150,-50] [—150,-50] [—150,-50] [—150,-50]
Leak equilibrium potential E; (mV) —70.0 -70.0 -70.0 —70.0
Ambient temperature T (°C) 27.0 27.0 27.0 27.0
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Fig. 1 a Sample connectivity
graph of a model Pn network
composed of 87 pacemaker
cells (red) and 20 relay cells
(green). Each pacemaker cell
randomly connects to 6 unique
pacemaker cells (red arrows)
and 7 unique relay cells (green
arrows) through axo-somatic,
rectifying gap junctions. b-d,
b’-d’ Sustained spontaneous
oscillations of the simulated
Pn. Parameters were set to
Ex=—-60mV, Ey,=50mV,
somatic gg=0.1 S/cm?, somatic
gna=1 S/cm?, and as detailed
in Table 1. b, c Membrane
potential over time for a sample
pacemaker cell (identifier O in
d, d’) and a sample relay cell

Cells:

@ Relay cell

® Pacemaker cell
Connections:

o @ Pacemaker to relay

®—@® Pacemaker to pacemaker

(identifier 90 in d, d”), respec- b

tively. d Spike raster plot of the 60 1 Pacemaker cell, ID=0
simulated neural activity of all 4

pacemaker cells (red) and relay E 20

cells (green) within the modeled ; _28 ' l ' ‘ ‘ ‘ ‘ ' l ' ~ ‘ ‘ ‘ ““ ‘ ‘ ‘ l ( l
network. Each row corresponds —40

to one cell (identifier shown -60

on the vertical axis). For each c 60 Relay cell, ID=90

cell, dots along the horizontal 40 ’

axis mark the times at which <20

its membrane potential crossed E o

the 10-mV threshold (dashed >

black horizontal line in b, ¢,

b’, ¢’) during action potential d

generation. b’-d’ Close-up view 100
of a 4 ms interval from b-d,
illustrating the waveform of

individual action potentials (b’, 80
¢’). Note small positive phase
shift between pacemaker and a 6o
relay cells and slight de-syn- =
chronization among the latter 8
population (d”) 40
20
0
0 20 40

Time (ms)

nodes with dual 28-core Intel Xeon Platinum 8276 CPUs at
2.20 GHz and 256 GB RAM each).

To decrease total wall time for experiments involving
large numbers of scenarios, simulations were distributed
across up to 1,024 CPUs using a batch-style divide and
conquer parallelization setup leveraging NEURON’s Paral-
lelContext module and OpenMPI (version 4.0.2). Individual
simulations were distributed evenly among 128 jobs, each
allocating up to 500 CPU cores, which were run 2 to 8 at
a time depending on the total number of scenarios in the
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batch. Each job maintained a Parallel Workers model, where
a delegator process distributed tasks (individual simulations)
to different workers (MPI processes). These workers ran in
parallel on different cores, and were assigned new tasks as
they completed their current ones, thus minimizing idle CPU
time and increasing CPU efficiency. For very large batches
(over 500,000 scenarios), two such job groups were run in
parallel, each allocating 500 CPU cores. Results were aggre-
gated from their respective job directories once all jobs were
completed.
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2.4 Identification of sustained spontaneous
oscillations

Membrane potential traces were collected from the somatic
compartment of each modeled cell, adjacently to where it
connected to the axonal segment. This location corresponds
to the axon hillock in the real cell. Action potentials were
defined as time points when V crossed from below to above
an activation threshold of 10 mV (Fig. 1b, b’, ¢, ¢’). Time
stamps of action potentials were extracted to one-dimensional
arrays (raster plots; Fig. 1d, d’) and used to compute inter-
spike intervals, separately for each cell. The firing frequency
of an individual cell was calculated as the inverse of the final
interspike interval (oscillation period) within the simulated
time range if it fired more than once, or 0 otherwise. The
corresponding amplitude was calculated as the difference
between the maximum and minimum of V during the second
half of the simulation if the cell fired more than once, or 0
otherwise.

The frequency of the Pn network was defined as that of
the fastest firing (highest frequency) relay cell, if the follow-
ing conditions were satisfied:

1. The fastest firing cells from the pacemaker and relay
populations fired more than once during the course of
the simulation.

2. The fastest firing cell of each population continued fir-
ing until the end of the simulation, as determined by the
final action potential occurring within the last third of
the simulated period of 100 ms.

3. The frequency of the fastest pacemaker cell was
within +50% of that of the fastest relay cell. This tol-
erance was chosen to account for the spike doubling
occurring in relay cells at certain parameter combina-
tions.

Simulations that did not meet these criteria were con-
sidered to not exhibit sustained oscillations. They were
assigned a small negative value as frequency for numerical
analysis purposes (see Sect. 2.7 below).

2.5 Sensitivity analysis of sustained spontaneous
oscillations

To acquire a basic understanding of the prevalence of, and
conditions for, sustained spontaneous oscillations in the
Pn, as well as to identify key parameters and value ranges
for subsequent experiments, we performed a systematic
assessment of the six-dimensional parameter space con-
sisting of Ey, the sodium equilibrium potential, Ey,, and
corresponding somatic channel conductances, gx pacemaker
8K relay> 8Na,pacemakers A1 &N relay» USING a full factorial design.
Each parameter was varied across its range (Table 1) in 9

equal increments (10 points), for a total of 1 million combina-
tions. Simulation outputs, including occurrence of sustained
spontaneous oscillations and corresponding frequency, if
defined, were analyzed using generalized linear models with
distribution-appropriate (binomial, respectively normal) link
functions. Fitted models included quadratic terms to account
for any non-linearity, and pairwise interaction terms to iden-
tify any sets of parameters that cannot be examined indepen-
dently of each other in follow-up experiments. Input param-
eters were normalized to the [—1, 1] range prior to analysis to
enable direct comparison of all considered factors and inter-
actions. Statistical significance levels of the resulting fit coef-
ficients were computed via conversion to a t-statistic (equal
to the ratio between each estimate and its SE), and adjusted
for multiple comparisons using the Bonferroni method, sepa-
rately for each fit. Factors were sorted by decreasing absolute
value of their range-standardized coefficients as a measure of
effect size, both globally and within each category of factors
(linear, quadratic, and interaction).

2.6 Bifurcation analysis of the Hodgkin-Huxley
equations

To test whether Pn sustained spontaneous oscillations are a
network property or driven by the firing of individual cells,
and, furthermore, to determine whether the Hodgkin-Huxley
equations (Hodgkin & Huxley, 1952) can provide a robust
approximation for the network behavior, we performed
bifurcation analyses of these equations with respect to the
critical parameter Ex. We considered two cases: the soma of
an isolated pacemaker cell, and the soma of an isolated relay
cell. In both cases, the injected and gap junction currents
were set to zero, and the remaining parameters (including
8x> 8Na» Ena» a8 well as the leak equilibrium potential, E;,
and corresponding conductance, g; ) were fixed in accord-
ance with Table 1.

Bifurcation analyses were carried out using the
MATCONT environment (Dhooge et al., 2003) version 6.11
with MATLAB version 9.8 as the interface. The bifurcation
continuation was initialized from stable equilibria obtained
from simulations run at Ex =—80 mV starting from the ini-
tial condition [V, n, m, h]=[-30, 0.2, 0.2, 0.2], where n,
m, h are the Hodgkin-Huxley gate functions (for detailed
formulae and notation of the Hodgkin-Huxley equations,
see (Zupanc et al., 2019)). Equilibrium curves and branches
growing out from these curves were followed until the
branches disappeared or left the Ex € [—150, —-50] mV range
of interest. The completeness of bifurcation diagrams within
the range of interest was systematically checked via simula-
tions started from VE[—150, 100] mV and n, m, h€[O0, 1].

In addition, to gain insights into how different ion chan-
nels contribute to the generation of action potentials, we
simulated the Hodgkin-Huxley equation models at E values
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where V exhibited sustained oscillations. We varied Ey
for pacemaker cells between [—74.7,—55.3] mV in 300
equal steps, and for relay cells between [-71.0,-52.6] mV
in 200 equal steps. In each case, we examined the dynam-
ics of V, gk, and gy, during a single sustained-spontane-
ous-oscillation time-period. We computed the maxima and
minima of channel conductances and their phases (time dif-
ferences normalized to the oscillation period) relative to the
peak of V, and we determined their trends within the tested
Ex ranges.

2.7 ldentification of parameter regions associated
with sustained oscillations

We implemented in Python a multidimensional bisection
method combined with solution patch continuation to deter-
mine the boundaries between the occurrence of sustained
spontaneous oscillations and the absence of such synchro-
nous neural activity. Compared to a simple grid search, this
algorithm reduced runtimes by about two orders of magni-
tude. Our method is similar to that of Bachrathy and Stépan
(2012), and consists of the following three steps:

1. Initialization: The n-dimensional parameter space of
interest is divided into (m; — 1)(m,—1) ... (m,— 1) equi-
sized n-cubes (as for a simple grid search), where m; is
the number of equidistant nodes along coordinate i.

2. Bisection iteration: The coarse initial grid is iteratively
refined such that all n-cubes whose nodes are not all
associated with either sustained spontaneous oscilla-
tions (fp, > 0) or the absence of this behavior (fp, <0),
henceforth called bracketing cubes, are halved along
each dimension. After a fixed count k of iterative refine-
ment steps, the resulting final grid has a resolution of
(m—=1)/2 * along each coordinate i near the boundaries
of the region of interest (fp, =0).

3. Patch continuation: For each bracketing cube produced
at the final iteration, it is checked whether all 2" of its
n-cube neighbors (of the same size) have been evalu-
ated. If not, then fp,, is calculated at the nodes of missing
neighbors, and it is determined whether these newly gen-
erated n-cubes are bracketing cubes. This procedure is
repeated iteratively for all newly added bracketing cubes
until all neighbors of such cubes have been assessed.

We applied this approach to the parameter space defined
by Ex, 8k pacemaker A0 &K relay (1-€., n=3). The iterative bisec-
tion step was initialized with a uniform three-dimensional
grid consisting of 9 X7 X 7 points spanning Ey € [—150, —50]
mV, respectively gk pacemaker a0d g relay Values between 0
and 0.2 S/cm? (limits included). All remaining parameters
were fixed to the values listed in Table 1. This initial grid
was iteratively refined (halved) as long as the total number
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of nodes did not exceed 1 million (here, five times). This
generated a final resolution of 0.391 mV for Ey, respectively
1.04 mS/cm? for 8K pacemaker AN gk reray- Subsequently, the
detected solution surfaces were followed until all surfaces
either became enclosed or reached the boundary of the con-
sidered parameter space.

Code files implementing the NEURON model and the
batch simulation and optimization algorithms described
above (Sects. 2.1-2.4 and 2.7) are available in a public
GitHub repository at the following link: https://github.com/
LaboratoryOfNeurobiology/modeling-sustained-spontane-
ous-brainstem-oscillations.git

3 Results

3.1 Sensitivity analysis reveals widespread
occurrence of sustained spontaneous
oscillations in the network model

Systematic examination of 1 million parameter combina-
tions uniformly distributed within the six-dimensional space
defined by Ey, Ey,, and the corresponding channel conduct-
ances revealed widespread occurrence of sustained spon-
taneous oscillations (Fig. 2). Nearly 5% of the performed
simulations resulted in such oscillations, encompassing Eyx
values ranging from —150 to—61 mV, Ey, values between
11 and 100 mV, and all evaluated pacemaker and relay cell
channel conductance values — including O S/cm? (i.e., with-
out active conductances). In particular, 0.2% (113) of the
parameter sets yielding sustained oscillations featured pas-
sive relay cells, 0.1% (69) had passive pacemaker cells, and
0.4% (211) were missing active K* channels on the somata
of either cell type (Fig. 2b).

Corresponding Pn frequencies ranged from as low as
12 Hz to as high as 1366 Hz and followed a pronouncedly
multi-modal distribution, including groups centered at
110 Hz (11% of solutions), 230 Hz (47%), 420 Hz (3%),
690 Hz (19%), 780 Hz (18%), and 1150 Hz (2%) (Fig. 3a).
Solutions with f,, between 650—-1000 Hz (i.e., within empiri-
cally observed ranges) were characterized by Eg close
to —60 mV, right-skewed distributions for gx ,,cemaker and
8K relay (centered near 0.15 S/cm?), Ey,>20 mV (centered
near 50 mV), and g, pacemaker A4 &Ng relay > 0-2 S/em? (cen-
tered near 1.3, respectively 0.9 S/cm?) (Fig. 3b).

Statistical analysis of sustained oscillation incidence
using a logistic model uncovered highly significant quad-
ratic terms for all examined parameters (Table 2), indi-
cating complex non-linear dependencies. The likelihood
of sustained spontaneous oscillations increased with Ey,
E\y» and gng pacemaker- albeit with diminishing returns, and
exhibited generally convex trends (increasing up to some
value, then decreasing) for g pacemaker 8K relay> 04 &Na relay
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Fig.2 Sensitivity analysis of incidence of sustained spontaneous
oscillations in the Pn relative to K* and Na* equilibrium potentials
(Ex, Ey,) and corresponding pacemaker and relay cell conductances

(gK,paccmakcr’ gK,rclay’ gNa,paccmakcr’ and gNa,rclay)' a univariate and b
bivariate histograms showing absolute counts of parameter combina-

tions resulting in sustained spontaneous oscillations at network level
for each parameter value (bars in a), respectively for each pair of
parameter values (pixels in b), pooled across all examined values for

(negative quadratic terms in all cases) (Fig. 2a). Ex had the
largest impact on Pn oscillation patterns, with absolute coef-
ficients of linear and quadratic terms exceeding those of the
remaining parameters 4.5-, respectively 7.5-fold. Sustained
spontaneous oscillations were substantially more likely at

remaining parameters. Counts were color coded by magnitude, sepa-
rately for each subfigure; the corresponding scales are shown to the
right of each plot in b. White asterisks in lower left plots in b denote
parameter combinations yielding sustained spontaneous oscillations
in the absence of two or more types of active ion channels, reflecting,
for example, passive pacemaker or relay cell somata. Parameter sets
were sampled using a uniform grid dividing each parameter range
(Table 1) into 9 equal segments (total of 1 million combinations)

Ex=-72and—61 mV (19-23% of tested parameter combi-
nations) than at lower (< —83 mV) or higher values (50 mV)
(0-4%). All pairwise interactions reached statistical signifi-
cance, indicative of complex high-dimensional conditions
(thresholds) for the occurrence of sustained oscillations.
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Fig.3 Sensitivity analysis of frequency of sustained spontaneous
oscillations in the Pn relative to K*- and Na*-related parameters. a
Empirical distribution of pacemaker frequencies, fp, (gray bars),
and its optimal Gaussian mixture fit (solid lines: individual groups;
dashed line: combined probability density). Data consisted of 49,307
observations of sustained spontaneous oscillations, out of 1 mil-
lion points regularly sampled from the (Ex, Ey, 8k pacemaker 8K relay:
8Napacemaker 8Narelay) Parameter space. b Counts of combinations
yielding sustained spontaneous oscillations with frequencies between

The strongest interactions involved Ey in conjunction with
8 K,pacemaker® 8 Na,pacemaker? and 8 K,relay (ln this Order)’ reinforc-
ing the importance of Ey, and of K* mechanisms in general.

Follow-up analysis of Pn frequencies among those param-
eter combinations resulting in sustained spontaneous oscilla-
tions using a linear model uncovered broadly similar depend-
ency patterns (Table 2). Ex had the highest impact on fp,
(standardized regression coefficient p=1870), followed by the
corresponding conductances, gk pacemaker A0 8K relay (B=—494
and —607, respectively). The frequency increased non-line-
arly with Eg (positive quadratic term coefficient) within the
[-150,—-61] mV range, and decreased near-linearly with
8K pacemaker AN K relay (Fig. 3¢). These three parameters were
also involved in the two strongest interactions (Ex X gk pacemaker

@ Springer

650-1000 Hz (physiologically relevant range; dotted vertical lines in
a as a function of individual parameter values. Bins were color coded
by magnitude, separately for each plot. ¢ Scatter plots of observed
Pn frequencies (rounded to the nearest multiple of 10 Hz) at differ-
ent values of each individual parameter, color coded by count accord-
ing to the scales shown to the right of each graph. d Average Pn fre-
quency (color scale) as a function of Ey and g pacemaker (t0P), and Ex
and gy .1,y (bottom). Observations were pooled across all remaining
parameters for each bin in b, respectively for each plotted point in ¢ and d

and Eg X g relay: p=725-850, versus —266 to 48 for all other
combinations), indicating that any decline in frequency with
increasing K* channel conductance can be canceled, or even
reversed, at extreme Ey values (Fig. 3d). The remaining,

Na*-related parameters had small positive impacts on the
frequency (f=203-284).

3.2 Parameter combinations associated
with sustained spontaneous oscillations
in the network model are confined to a single
connected volume inside the parameter space

With sensitivity analysis indicating K*-related parameters as
the chief determinants of sustained spontaneous oscillations,
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Table 2 Sensitivity analysis of occurrence and frequency of sustained
spontaneous oscillations with respect to Ey, Ey,, and the correspond-
ing pacemaker and relay cell channel conductances. Values given
are range-standardized coefficient estimates (B)+SE, correspond-
ing t-statistics for contrasts versus the null hypothesis of no impact,

and overall and (between brackets) within-category ranks based on
decreasing effect size (absolute value of ). All coefficients were sig-
nificantly different from O at the 0.001 level after Bonferroni correc-
tion for multiple comparisons unless labeled otherwise; n.s., not sig-
nificant

Factor Occurrence (logistic model) Frequency (normal model)
p+SE t Rank B+SE t Rank
Linear terms Ex 25.4+0.17 152.4 1[1] 1870+9.0 206.7 1[1]
Exa 5.59+0.05 106.6 7131 284.2+4.8 59.3 6 [4]
8K pacemaker -5.73+0.05 —107.8 6 [2] —494.4+54 -91.5 53]
8K relay -3.39+0.04 —85.7 10 [5] —-606.9+3.8 -159.4 412]
8Na,pacemaker 5.50+0.05 108.5 8 [4] 245.0+34 72.5 8 [5]
8Nayrelay 2.61+0.04 64.3 14 [6] 203.1+3.2 63.0 11 [6]
Quadratic terms Ex X Eg —-19.8+0.13 -152.9 2 [1] 215.4+6.5 33.0 10 [1]
Ena X En, —2.34+0.02 -97.3 15 [3] —54.8+2.1 —26.6 14 [2]
8K pacemaker X 8K pacemaker -2.66+0.02 —110.0 13 [2] —33.7+2.2 —-154 21 [4]
8K relay X 8K relay -0.59+0.02 -32.9 22 [6] 36.8+1.2 31.3 18 [3]
8Na,pacemaker X 8Na,pacemaker -1.98+0.02 —88.7 16 [4] 44+1.7 52.64 26 [5]
8Nayrelay X 8Nayrelay -1.69+0.02 —89.0 19 [5] -1.5+15 15—-1.01 27 [6]
Pairwise interactions ExXEy, -5.40+0.07 -75.0 9 [4] —-225.1+6.5 —-34.6 9 [4]
Ex X 8K pacemaker 9.18+0.08 114.9 3[1] 7249+8.4 85.9 3[2]
Ex X 8K relay 5.93+0.06 99.3 53] 853.3+5.7 150.0 2[1]
Ex X gNa,pacemaker —6.13+0.07 —86.6 412] —266.6+4.7 -57.3 73]
Ex X 8Narelay -3.35+0.06 -56.7 11[5] —85.1+4.6 —-18.4 13 [6]
ENa X 8K pacemaker 1.89+0.03 64.4 17 [7] 349+23 15.3 20 [11]
ENa X 8K relay 0.48+0.02 214 23 [13] 182+1.8 10.4 25 [15]
ENa X 8Napacemaker -1.69+0.03 —60.0 18 [8] —-353+22 —16.2 19 [10]
ENa X 8Narelay -1.18+0.02 —48.6 21[10] —-23.0+1.8 -12.6 23 [13]
8K pacemaker X 8K relay —0.15+0.02 —6.48 26 [14] —46.5+1.7 =27.7 16 [8]
8K pacemaker X 8Na,pacemaker 2.85+0.03 96.0 12 [6] 48.1+2.4 20.3 15 [7]
8K pacemaker X 8Najrelay 0.37+0.02 15.3 25[12] 247+1.8 13.9 22 [12]
8K relay X 8Na pacemaker 0.38+0.02 17.6 24 [11] 43.7+1.7 27.0 17 [9]
8K relay X 8Najrelay 1.26+0.02 63.7 20 [9] 214+1.4 153 24 [14]
8Na pacemaker X Narelay 0.10+0.02 4.48 27 [15] —143.0+1.7 —85.0 12 [5]

we restricted further experiments to the (Ex, g pacemaker
8K relay) three-dimensional subspace. This simplification was
supported by the prohibitively high computational require-
ments of large-scale simulations, with 30-5,000 s per indi-
vidual scenario — corresponding to over 1 week using 500
CPUs for the 1 million scenarios performed as part of the
initial six-dimensional grid analysis. The surface detection
algorithm described in Sect. 2.7 involved a total of 364,070
simulations of the Pn network using different parameter
combinations, out of which 191,493 (52.6%) belonged to the
final solution surface (see Fig. 4a, a’, b, b’ for selected two-
dimensional sections). This represents a 96.2% decrease in
the number of assessed parameter sets compared to a simple
grid search at the final resolution, which would have required
nearly 10 million simulations, running over about 10 weeks
on a high-performance cluster. While the boundaries of the
volume associated with sustained oscillations depended on

all three parameters, frequencies seemed to depend only on
Ey (Fig.4c,c’,d, d’).

3.3 The frequency and amplitude of sustained
spontaneous oscillations in the network
model and in isolated pacemaker and relay cells
show similar dependence on Ey

To contrast the effect of Eyx on the frequency and ampli-
tude of sustained spontaneous oscillations between the
network model and isolated pacemaker and relay cells,
we simulated these 3 models over an evenly distributed
grid of Eg values €[—75,—-50] mV with step size 0.5 mV,
while fixing somatic gy to 0.1 S/cm? for both cell types
(all other parameter values as listed in Table 1). Both the
network and isolated cell models exhibited sustained spon-
taneous oscillations within strongly overlapping parts of
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«Fig. 4 Application of bisection and surface continuation algorithm to
occurrence of sustained spontaneous oscillations in the Pn as a func-
tion of K*-related parameters. a, a’, b, b’ Points sampled from the
three-dimensional surface across which the simulated network tran-
sitions between sustained spontaneous oscillations and the absence
of such oscillations. ¢, ¢’, d, d’ Points corresponding to non-zero
spontaneous oscillation frequencies, color-coded according to the
frequency scale shown on the right. Cross sections of the surface
are plotted at fixed g pacemaker (@ @’ €, €’) and fixed gg re1py (b, b’
d, d’) values within the [0, 0.2] S/cm? range, with evenly distributed
steps of 0.02 S/cm? and including boundary points. Objects in a/a’,
b/b’, ¢/c’, and d/d’ are identical but shown from different view angles
for each pair

this Eyx range (Fig. 5). The oscillation frequency of the
network appeared to be a weighted average (by popula-
tion size) of that of isolated pacemaker and relay cells
(Fig. 5a). Moreover, oscillation amplitudes in the network
(averaged over cell populations) and isolated cell models
closely followed each other for both pacemaker and relay
cells (Fig. 5b). Across both network and isolated cell mod-
els, oscillation frequency increased almost linearly with
Ey (Fig. 5a), while amplitude decreased super-linearly
with increasing Ey (Fig. 5b).

3.4 The frequency and amplitude of sustained
spontaneous oscillations in isolated cells
and Hodgkin-Huxley equations show similar
dependence on Ey

Bifurcation analyses of Hodgkin-Huxley equation models
of pacemaker and relay cell somata (Fig. 6 top) yielded
amplitudes (Fig. 6 middle) and frequencies (Fig. 6 bot-
tom) similar to those of isolated pacemaker and relay cell
models (Fig. 5). While the frequency curve of the Hodg-
kin-Huxley pacemaker cell deviated visibly in level but
not trend from that of an isolated pacemaker cell, there
were no noticeable differences for relay cells (Fig. 5a). In
contrast, amplitude curves of Hodgkin-Huxley equation
and isolated cell models exhibited only minor differences
in both cell types (Fig. 5b). Note that, although sustained
spontaneous oscillations cover wider Ey ranges for Hodg-
kin-Huxley equation models, detection of sustained sponta-
neous oscillations via numerical simulations can fail at low
frequencies and small amplitudes. The former is caused by
simulating over a limited interval of 100 ms, while the lat-
ter is caused by limitations of NEURON’s action potential
detection algorithm.

3.5 Frequency decrease with increasing Ey results
mainly from lengthening of the refractory
period

To gain insights into how different ion channels contrib-
ute to the generation of action potentials, we inspected the

dynamics of V, gk, and gy, over a single oscillation period
at various Ey values. While there are natural differences
in amplitude, membrane potentials and channel conduct-
ances of pacemaker (Fig. 7 left) and relay (Fig. 7 right)
cells showed very similar waveforms — albeit at shifted
Ey values. As Eg increased, the peak gx value generally
decreased (Fig. 8 top) while its phase increased (Fig. 8
bottom), which was paralleled by an increasingly incom-
plete closure of K* channels (Fig. 8 top). In contrast, gy,
peaks were subject to only minor shifts (Fig. 8 bottom),
while their amplitude sharply decreased with Eg after a
small initial increase (Fig. 8 top).

To better visualize the effect of Ex on these waveforms
and the timing of conductance peaks relative to the peak of
V, we plotted the K* and Na* channel conductances with
respect to Ex and phase (Fig. 9) or absolute time (Fig. 10).
Although the temporal dynamics of K™ channel opening
showed dependence on Ex when time was normalized to
the oscillation period (Fig. 9 top), plotting gx with respect
to Ex and absolute time (Fig. 10 top) revealed that the timing
of K* channel opening remained mostly constant. A similar
pattern could be observed for Na* channels, whose opening/
closing dynamics changed only slightly in absolute time,
while the time-period of oscillation decreased rapidly with
respect to Ey (Fig. 10 bottom). Consequently, the change
in time-period was mostly due to changes in the refractory
period.

4 Discussion

The present investigation has two main achievements.
The first is the construction of a model of the Pn neu-
ral network capable of generating simulated sustained
spontaneous oscillations under a variety of conditions
and at similar frequencies to those produced by the bio-
logical system. This was necessary since previous models,
including one from our group, were only able to generate
oscillatory activity at the whole network level after cur-
rent injection — though some did succeed in producing
sustained spontaneous oscillations by isolated pacemaker
cells (Lucas et al., 2019; Moortgat et al., 2000b; Shifman
et al., 2020; Zupanc et al., 2019). The second accomplish-
ment of the present study is the comprehensive exploration
of the parameter space of this novel model, with particu-
lar emphasis on the role of active K* conductances and
Ey (as a proxy for [K*],). In the following sections, we
will discuss these outcomes and compare them with both
theoretical and experimental findings obtained through the
study of the Pn of A. leptorhynchus and of other neural
systems and organisms.
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Fig.7 Membrane potential (purple, left vertical axis) and conduct-
ance of voltage-gated K* and Na* channels (blue, right vertical axis)
during sustained spontaneous oscillations in the Hodgkin-Huxley
equations for pacemaker (left column) and relay (right column) cell
somata at various Ey values (indicated at the top left of each subfig-
ure). Model parameters for pacemaker and relay cell somata were

Na* channel conductance values (Fig. 2a). Statistical anal-
ysis revealed non-linear dependencies for, and significant
pairwise interactions between, all included parameters, indi-
cating non-trivial conditions for spontaneous Pn oscillations
(Table 2, Fig. 2b).

Most importantly, our analysis identified Eg as the criti-
cal determinant of sustained spontaneous oscillations in the
Pn (linear and quadratic terms with the largest range-stand-
ardized coefficients). Network-wide synchronized firing was
substantially more prevalent at Ex values €[-75,—-60] mV
(roughly 20% of the tested parameter combinations) com-
pared to the [—150,—-80] mV range (0-4%) or at—50 mV
(0%). The criticality of K*-related mechanisms was rein-
forced by the dominant interaction effects, which involved
Ey in conjunction with, among others, the two correspond-
ing conductances, gx pacemaker A0 g relays @s Well as by
the identification of similarly large main and interaction

Relay cell
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fixed according to Table 1. Solid and dash-dotted purple lines rep-
resent V(7) and its Hodgkin-Huxley equilibrium, V,, respectively.
Dashed and dotted blue lines denote gy,(f) and gg(?), respectively. All
curves are plotted for one oscillation period T, shifted such that V(¢)
reaches its peak at r="7/2

effects involving the same three parameters when analyz-
ing the Pn frequency (Table 2). Other parameters with large
effect sizes included gx pacemaker (0-2% at 0 S/cm? versus
4.9-6.3% at>0.04 S/cm®) and gy, pacemaker (0-2% at 0 S/cm”
versus 3.2-6.8% at > 0.4 S/cm?), underlying the importance
of active conductances on pacemaker cells.

Interestingly, our exhaustive exploration of the considered
parameter space — expanding well beyond values recorded
in this or other vertebrate species, to avoid any anchoring
biases — also uncovered evidence of sustained spontane-
ous oscillations of the Pn in the absence of active conduct-
ances on relay or pacemaker cells. Out of the nearly 50,000
parameter sets found to result in synchronous sustained fir-
ing at network level, 0.1% involved passive pacemaker cell
somata, 0.2% featured passive relay cell somata (i.e., of the
type considered in prior modeling research by our group and
others (Moortgat et al., 2000b; Zupanc et al., 2019)), while
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0.4% did not require active K* channels on either cell type
(Fig. 2b). These candidate solutions featured low Ey values
(£-106 mV) or high Ey, values (=67 mV), and yielded Pn
frequencies significantly lower than those measured in live
fish — between 14—426 Hz at 27 °C in the present simula-
tions, compared to a minimum EOD frequency of 671 Hz at
26 °C (Zupanc et al., 2014), which is equivalent to 702 Hz
at 27 °C (using a Q of 1.56; (Zupanc et al., 2003)).
Consistent with this frequency discrepancy between
simulation outputs and the modeled biological system,
application of the Nernst equation indicates that these the-
oretical solutions are likely not physiologically relevant.
Assuming an intracellular potassium concentration, [K*],,
in pacemaker and relay cells of 140 mM, as typically found
in mammalian neurons (Lodish et al., 2000), Eyx values
of =106 to —150 mV would result in [K*], of 0.4-2.3 mM
— generally lower than the values of 1.7-3.6 mM deter-
mined by various methods in fish (Nilsson et al., 1993; Rice
& Nicholson, 1988), and of around 3 mM measured in the
mammalian brain (Lux & Neher, 1973; Moody et al., 1974;
Prince et al., 1973). Similarly, assuming commonly used
values for intracellular Na* concentration of 10-15 mM

@ Springer

(e.g., Petracca et al., 2016; Ridley et al., 2018; Thulborn
etal., 1999), Ey, values of 100 mV and 67 mV would corre-
spond to an extracellular concentration of 478—717 mM and
134-200 mM, respectively, i.e., generally larger than the
commonly assumed value of 140 mM. In future studies, in
vitro testing of such extreme conditions could help identify
pacemaker and relay conductances and further refine the
present models.

4.2 Active conductances in the relay cell soma

The present study is, to our knowledge, the first to develop
a model of the Pn network that can produce sustained
spontaneous oscillations in the absence of current injec-
tion. A critical step towards this goal was the addition of
8na and g to the somata of relay cells, which were absent
in previous models of the Pn network (Lucas et al., 2019;
Moortgat et al., 2000b; Zupanc et al., 2019). While isolated
pacemaker cells (with the somatic compartment containing
active K* and Na* channels) exhibited spontaneous oscil-
lations (Zupanc et al., 2019), in networks of interconnected
pacemaker and relay cells such activity could be simulated
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Fig. 9 Conductance of voltage- Pacemaker cell

gated channels during sustained
spontaneous oscillations in

the Hodgkin-Huxley equa-
tions, with model parameters
for pacemaker (left column)

and relay (right column) cell
somata set according to Table 1.
Magnitudes of K* (top row) and
Na* (bottom row) conductances
are color coded according to the
scales displayed to the right of -90
each subfigure. Values are plot-
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normalized to one oscillation
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only by injection of a constant current of 1 nA (Lucas et al.,
2019; Moortgat et al., 2000b; Zupanc et al., 2019).

The deliberate omission of active conductances in somata
of relay cells in prior modeling studies was allegedly based
on “experimental observations of low-amplitude spikes in the
somata compared with those in the axon, an effect seen in both
cell types [pacemaker and relay] (Dye & Heiligenberg, 1987)
but most pronounced in the relay cells (pers. observation)”
(Moortgat et al., 2000b). Whereas we were not able to evaluate
the validity of the latter statement, we carefully reviewed the
Dye and Heiligenberg (1987) paper for possible reporting of
experimental evidence supporting the former statement. How-
ever, we could not find any mention of reduced amplitudes
of spikes generated by pacemaker or relay cell somata, com-
pared to spikes recorded from axons. Moreover, the present
sensitivity analysis indicated that relay cells without active
conductances can only generate oscillations with frequencies
well below biologically observed value ranges (cf. Sects. 3.1
and 4.1). We, therefore, conclude that there is no direct or
indirect evidence for active conductances being absent from
the somata of relay cells.

This conclusion is in line with a wealth of studies in
which the subcellular distribution of voltage-gated Na™ and
K" channels was determined (for reviews see Lai & Jan,
2006; Trimmer & Rhodes, 2004). For example, the volt-
age-gated Na* channels Na, 1.1, Na 1.3, and Na, 1.6 are all
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present in somata of various neuronal types in the CNS,
whereas Na, 1.2 is even localized predominantly on cell bod-
ies and dendrites. Similarly, the voltage-gated K* channel
K,2.1 appears restricted to somata and proximal dendrites
but absent from the axons and nerve terminals, while K3
channels have been found on somatodendritic regions in
addition to axons and presynaptic terminals. A similar find-
ing was made in A. leptorhynchus using antibodies directed
against an amino acid sequence specific for the K,3.1 chan-
nel in this species. This study showed that the AptKv3.1 pro-
tein is highly concentrated in somata and proximal dendrites
of pyramidal neurons of the electrosensory lateral line lobe
(Deng et al., 2005).

4.3 Effect of [K*], on neural activity

Simulations using our Pn network model identified E as a
critical determinant of the frequency and amplitude of sus-
tained spontaneous oscillations generated by pacemaker
and relay cells. This finding was independent of whether
these cells were isolated from one another or connected
through gap junctions and, in the latter configuration, of
whether the somata of either relay cells or pacemaker
cells — but not both — lacked active conductances. These
results extend previous research from our laboratory using
a model in which active conductances were absent from
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relay cells but present on pacemaker cells. This prior study
produced similar results, but observations of sustained
spontaneous oscillations were restricted to isolated pace-
maker cells (Zupanc et al., 2019). To examine the effect of
Ey on firing patterns at the network level using this earlier
model, it was necessary to induce oscillations by injection
of a constant current of 1 nA into the relay cell somata
(see 4.2, above). As in the current study, the frequency of
both spontaneous oscillations of isolated pacemaker cells
and induced oscillations of the Pn network was strongly
positively correlated with E, an effect that was paralleled
by a decrease in oscillation amplitude with increasing Ey.

According to the Nernst equation, changes in Eyg can
be exclusively attributed to changes in [K*],, assuming
[K*]; remains constant. Studies in a variety of organisms,
including mammals (Lux & Neher, 1973; Moody et al.,
1974; Prince et al., 1973) and fish (Nilsson et al., 1993;
Rice & Nicholson, 1988), have suggested that [K+]O is
very similar across species and taxa, usually ranging
between 2—-3 mM. Increases in [KJ“]0 from resting levels
typically occur as a result of action potential generation,
with size estimates varying from 0.01-0.02 mM in the
mesencephalic reticular formation of rats (Sykova et al.,
1974) to 0.8 mM in ganglia of the CNS of the medicinal
leech (Baylor & Nicholls, 1969) and 1.6 mM in the giant
axons of Loligo (Frankenhaeuser & Hodgkin, 1956) for
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a single action potential. Therefore, naturally occurring
neural activity, e.g., resulting from sensory stimulation,
electrical stimulation at physiological strength, or brain
state transitions, generally leads to increases in [K*], of
a few mM. In pathological conditions, such as seizures
and ischemia, and after strong electrical stimulation, [K+]0
may rise by as much as 85 mM above baseline levels (for
review see Rasmussen et al., 2020).

Correspondingly, any increase in [K*], results in a pro-
portional depolarization of V, as Ex becomes less negative.
This reduction in the difference between the resting poten-
tial V. and the threshold potential at which voltage-gated
Na* channels are activated increases neuronal excitability
(Wang et al., 2012). Application of the Goldman-Hodgkin-
Katz equation predicts that an increase in [K*], by 2 mM
shifts V. of a ‘standard’ mammalian neuron by approxi-
mately 3 mV towards less negative values. Experimental
evidence also supports this theoretical prediction that even
minute increases in [K*], can lead to significant depolari-
zation of neurons. In a slice preparation of the striatum of
mice, an increase in [K*], of the bath solution by 1.5 mM
resulted in an approximately 6 mV depolarization of
medium spiny neurons (Tong et al., 2014). Similarly, rais-
ing [K*], by 0.7 mM depolarized cortical L2/3 pyramidal
neurons in slices of the mouse cortex by 4 mV (Rasmussen
et al., 2019).
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Changes in intrinsic excitability induced by [K*], can
result in various modulations of oscillatory firing modes of
neurons. An experimental increase of [K*], from 4 to 6 mM
induced a switching of interneurons (thought to be part of
the locomotor network) in the spinal cord of neonatal rats
from tonic spiking to a bursting mode (Brocard et al., 2013).
In cultured networks of cortical neurons of rats, an increase
of [K*] in the culture medium from 1.4 to 5.6 mM resulted
in a rise in bursting frequency (Canepari et al., 1997). In cul-
tured cortical neurons of mice, at [K*] of 1.5 mM, irregular
spike firing, interspersed by long periods of silence, was
observed. At 3.0 mM [K*], sporadic network burst firing
occurred, and at 5.4 mM [K*] the burst activity increased
further. When [K*] was further raised to 8.0 mM, the activ-
ity pattern changed to tonic spike firing (Golbs et al., 2011).

Similar state transitions have been predicted using a com-
putational model of a neocortical circuit with extracellular
K* dynamics (Frohlich et al., 2006). At [K*],=4.85 mM,
the simulated neuron switched from a resting state to tonic
firing. At [K*], ranging from 5.45-6.35 mM, bistability
occurred between this tonic firing and a new mode, slow
bursting. At [K*], between 6.35-9.45 mM, slow bursting
was exhibited as the only stable state. At [K] =9.46 mM,
a new stable state distinguished by depolarization at
V=-26.3 mV appeared, which coexisted with the slow
bursting state before it became the only stable state at
[K*],=10.05 mM.

The effect of [K*], on neural activity patterns is particu-
larly striking when neurons are exposed to excessively high
concentrations of this ion species. For example, blockade of
gap junctions caused severe impairment of [K*], buffering
in the locust metathoracic ganglion, increasing the vulner-
ability of neural tissue to spreading depression induced by
Na*/K*-ATPase inhibition (Spong & Robertson, 2013). In
layers II/III of the somatosensory cortex of mice, impair-
ment of astrocytic K* clearance through inhibition of K*
uptake by K; 4.1 channels or through selective blockade of
the gap-junction protein connexin-43 increased network
excitability and resulted in high-power network oscilla-
tions over a wide range of frequencies. At the cellular level,
increases in [K*], led to modulation of oscillatory activity of
individual neurons (Bellot-Saez et al., 2018). Under patho-
logical conditions, similar network hyperexcitability might
contribute to the etiology of epileptic seizures (for review
see Bellot-Saez et al., 2017).

Taken together, the above studies suggest that the effects
of [K*], modulation on neural activity are complex and
depend on a variety of factors, including the specific brain
system and the magnitude of the change. In the current mod-
eling study, we examined the effect of Ey, as a proxy for
[K*], (assuming [K*]; remained constant), on the frequency
of sustained spontaneous oscillations of the Pn network and
neurons comprising it. These simulations were designed to

model frequency shifts similar to those occurring during
development of the sexually dimorphic EOD of A. lepto-
rhynchus. Our results predict that a change in Ey of only
2.5 mV, from —60.2 mV to—57.7 mV, is required to increase
Jpn from 737 to 892 Hz (median fgp in adult females and
males, respectively (Zupanc et al., 2014)). Assuming [K™];
in A. leptorhynchus pacemaker and relay cells is similar to
mammalian neurons, i.e., 140 mM (Lodish et al., 2000),
application of the Nernst equation shows that an increase
of [K*], from a baseline level of 13.2 mM by as little as
2.3 mM suffices to change fp,, and thus fzqop, from values
typical of females to values characteristic of males.

4.4 Role of astrocytic syncytium in the clearance
of extracellular K*

Among all central pattern generators known, the A. lepto-
rhynchus Pn is unsurpassed in both its extremely high output
frequency and its duty cycle. The generation of EODs with
characteristics of adult individuals starts at approximately
1 year of age (Kirschbaum, 1983) and continues, with a
100% duty cycle, until end of life. With an average EOD
frequency of 700-1000 Hz, every single pacemaker or relay
cell within the Pn generates 22-32 billion action potentials
each year, or more than 130 billion spikes over the estimated
7-year lifespan of the fish. These figures give a first indica-
tion of the magnitude of continuously occurring repolarizing
efflux of K™ ions from these cells into the interstitial space.

Elevated levels of extracellular K* cause depolarization of
neuronal membranes, which, as detailed above in Sect. 4.3,
may result in uncontrolled changes in excitability and, thus,
compromised neuronal function. To avoid such negative
effects, mechanism(s) that tightly regulate the homeostatic
set-point for K in the interstitial space are paramount. Given
the immense amount of K* released during Pn oscillations, it
is highly unlikely that activity of the neuronal Nat/K*-ATPase
alone is sufficient to remove K* ions from the extracellular
space and cycle them back to pacemaker and relay cells.
Instead, as suggested by the large number of astrocytes in the
Pn and their close spatial association with these neuron types
(Sirbulescu et al., 2014), buffering and redistribution of K*
might be mediated at least partially, and probably predomi-
nantly, by these glia. Research on other neural systems has
implicated both an (active) energy-dependent pathway involv-
ing a glial isoform of Na*/K*-ATPase and (passive) diffusion
through K* channels as mechanisms underlying K* uptake by
astrocytes (for reviews see Verkhratsky & Nedergaard, 2018;
Walz, 2000). Subsequently, redistribution of K* from sites of
elevated concentration to sites of lower concentration takes
place within the astrocytic syncytium, a process facilitated
by the extensive gap-junction coupling between individual
astrocytes and the resulting syncytial isopotentiality (Kiyoshi
& Zhou, 2019; Ma et al., 2016).
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4.5 Role of astrocytic syncytium in modulation
of neural activity induced by changes in [K*],

In addition to its hypothesized function as a sink for K*
ions released during the repolarization phase of neuronal
firing, the astrocytic syncytium surrounding pacemaker and
relay cells has also been implicated in the development
and maintenance of the sexually dimorphic f;op (Zupanc,
2017, 2020; Zupanc et al., 2014, 2019). Both the surface
area of pacemaker and relay cells covered by astrocytes and
the gap-junction coupling strength between individual cells
within the syncytium are larger in females than in males
(Zupanc et al., 2014). According to the proposed hypoth-
esis, these characteristics manifest in females through a
persistently elevated K* astrocytic buffering capacity,
which, in turn, leads to reduced [K+]O in females com-
pared to males.

Our simulations predict that the difference in fzop
between females and males is largely caused by a shift in
the minimum K* conductance over one oscillation period.
This minimum is close to 0 S/pm? at lower Ey values but
displays elevated levels, converging to the corresponding
maximum, at higher Ey values (Fig. 8 top). This shifts V.
from more negative values in females to less negative values
in males, which has two major consequences: (i) the gap to
the threshold potential at which voltage-gated Na* channels
are activated and action potentials are initiated is narrowed;
and (ii) the difference between V. and E; =—70 mV is
increased, which elevates the leak current level, thereby
decreasing the refractory period (Fig. 10). The former leads
to arise in frequency by increasing the excitability of pace-
maker and relay cells, whereas the latter contributes to this
effect by shortening the oscillation period.

In the present simulations, changes in fp, induced by
manipulation of Ey, e.g., as a result of alteration of astro-
cytic K* buffering and thus of [K*],, were paralleled by
opposite changes in oscillation amplitude. In biological
systems, a similar negative effect of increased [K*], on the
amplitude of action potentials has been reported previously
for a variety of neural systems and organisms, including the
ommatidia of the lateral eye of the horseshoe crab (Kikuchi
et al., 1962), the sympathetic ganglion cells of the Northern
leopard frog (Blackman et al., 1963), and the flexo-tibialis
and flight muscles of several lepidopteran species (Huddart,
1966).

Based on our simulations, we hypothesize that such
reductions in spike amplitude with increased [K*], or Eg
are caused by two mechanisms. First, the increased V.
directly reduces the potential difference between spike onset
and peak depolarization. Second, at high Ey, K* conduct-
ance remains elevated throughout the oscillation period, and
thus exerts a significant negative effect on the build-up of
depolarization during an action potential.
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4.6 Perspectives

While our present analysis provides a plausible explana-
tion of how EOD frequency differences between males and
females arise from modulation of the K* buffering capacity
of the astrocytic syncytium, it will be important for future
studies to consider other factors that might contribute to the
development and maintenance of this sexual dimorphism, as
well as to investigate how the proposed mechanism might
generalize beyond the current study system.

For example, in our model we assume that areal densities
on astrocytes of the Na*/K*-ATPase or K* channels impli-
cated in the uptake of extracellular K*, such as the inwardly
rectifying channel K; 4.1 ((Chever et al., 2010) however, see
(D’Ambrosio et al., 2002) for conflicting findings), remain
constant. Yet, both experimental and modeling studies have
shown that the densities of ion channels on neurons may
vary during activity, and that even modest changes in these
densities can have pronounced effects on the firing pat-
tern of neurons (;\rhem et al., 2006; Goldman et al., 2001;
Stemmler & Koch, 1999; Zeberg et al., 2015).

Similarly, our model ignores possible variations in inter-
stitial space volume, which affect diffusion parameters and
thus, among others, the speed of [K+]0 clearance and local
signaling (Sykova & Nicholson, 2008). However, even under
physiological conditions, the changes in this volume can
be dramatic — for example, transitioning from the awake
state to natural sleep is associated with a 60% increase in
the interstitial space of the whole brain in mice (Xie et al.,
2013).

Finally, the question arises whether the proposed
Ey-based frequency regulation mechanism is specific to sus-
tained spontaneous oscillations in the Pn of A. leptorhyn-
chus, or more broadly applicable to other central pattern
generators. Fishes of the taxonomic family Apteronotidae
provide an excellent opportunity to address this question.
In the closely related species A. albifrons, the sexual dimor-
phism in fgq is reversed compared to A. leptorhynchus, i.e.,
females discharge at higher frequencies than males (Dunlap
et al., 1998; Kolodziejski et al., 2005). Unfortunately, no
information is available currently about the structural organi-
zation of astrocytes in relation to pacemaker and relay cells
in the Pn of A. albifrons. However, future comparative stud-
ies may shed light on this fascinating aspect.
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