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Abstract

Since the advent of multielectrodes, interest in the low-frequency part of the extracellular field potential
(EFP) has surged. Interpreting this electric signal is complicated because it is a superposition of transmem-
brane currents originating from multiple neuronal processes. The magnitude and shape of the recorded
potential are dependent on factors such as the dynamics of the individual sources generating the currents,
the amount of synchrony in synaptic activity and the neuron morphology. Here the relation between the
EFP and its underlying mechanisms is addressed based on literature studying the signal intracranially
(electrocorticogram, ECoG) and intracortically (local field potentials, LFPs). The traditional approach of
decomposing the EFP signal based on the power spectrum of the frequencies is evaluated. Several alter-
natives more sensitive to dissociate between different frequency bands are suggested such as the matching
pursuit algorithm and optimization techniques. Furthermore, mathematical modeling schemes are used
to describe quantitatively how factors like synchrony and cytoarchitecture affect characteristics of the EFP
and how different current sources contribute to the signal. These modeling studies are suggested as a means
to predict limitations and optimum experimental stimuli for measurements such as ECoG. Simulating and
combining experimental data recorded at different spatial scales with reconstructed neuronal tissue is nec-
essary to optimally make use of the network signaling information embedded in the EFP and is essential
for future progress.

Layman’s summary.

When the brain is active, currents are generated which can be recorded as an electric signal with a carefully
positioned electrode. The signal that is measured when the electrode is placed outside of the cell is called
the extracellular field potential (EFP). It can be measured at different locations, for example on the scalp,
under the skull or inside the brain. This electric signal picks up many different processes that happen in
the brain, which makes it difficult to interpret. To understand the EFP, one must know what kind of neural
mechanisms contribute to the signal. In addition, the structure of the brain and the shape of neurons have to
be taken into account because they affect how the individual contributions are measured. In this study, we
describe and evaluate mathematical modeling schemes and analyses of the EFP which are key to a better
understanding of its origins. For example, careful analysis of recorded EFPs demonstrates how some parts
of the signal seem to reflect the output activity of neurons. Using a modeling formula, it can be shown that
the magnitude of the signal depends on the amount of synchrony of the activity in the neurons. Ultimately,
combining models of the EFP with real data may provide more insight into neuronal processing and show
how to design future experiments to optimally study cognition and perception.

1. Introduction

Neuronal networks and their dynamics are assumed to underlie behavior and cognition. In order better
to understand neuronal activity and the behavior it generates, measurements at different temporal and spa-
tial scales must be combined. Cortical electrical currents have long been at the center of attention, since at
least 1875 (Caton, 1875), which is several decades before the first electroencephalography (EEG) record-
ing (Pravdich-Neminsky, 1913). EEG measures at a macroscopic scale and is the principal method used
to sample activity from many cortical populations. Microscopic electrophysiological experiments have
focused primarily on single neuron activity, while ignoring population information embedded in the micro-
scopic recordings. The biophysical basis underlying intracellular processes has been described especially
thoroughly (for an overview: Koch and Segev, 2000).



Since the emergence of microelectrodes (Adrian and Zotterman, 1926), extracellular spiking activity
has been used extensively to study neural correlates of behavior and sensory processing in vivo (Adrian and
Moruzzi, 1939; Hubel and Wiesel, 1962). These spike trains can typically be detected in the high-frequency
spectrum of the extracellular field potential, EFP (~>500 Hz) (Logothetis et al., 2001). The low-frequency
part (~<300 Hz) of the EFP (Nunez, 2006), the local field potential (LFP), received less attention because
of the complexity of interpreting its neuronal origin. The denomination “local field potential” actually is a
misnomer, because it merely designates a local electric field. This field typically can be measured from the
scalp (by EEG and magnetoencephalography, MEG), with intracranial or epicortical, non-penetrating disk
electrodes (electrocorticogram, ECoG) or using intracortical penetrating electrodes (local field potential,
LFP). Although these methods all sample from the same electric field, the latter will be called LFP as the
terminology is generally used this way.

Recently, the amount of research in LFPs has increased significantly due to the possibility of measur-
ing high-density signals across layers with multicontact electrodes (Barth and Di, 1991; Du et al., 2011).
The LFP is thought to be composed mainly of summated synaptic currents emerging during synchronized
cortical excitation (Mitzdorf, 1985; Eccles, 1951; Nunez, 2006), which contains information outside the
scope of single unit recordings. Therefore, measuring at the scale of neuronal networks is of great impor-
tance, regarding the highly interconnected structure of the brain (Cajal, 1904; Friston, 1994). For example,
cortical pyramidal cells are covered by approximately 10* to 10° synapses, from which ~75% produce
excitatory postsynaptic potentials (Abeles, 1991; Nunez, 2006). Using intracellular responses, Douglas
and Martin (1991) demonstrated the importance of brain connectivity with a microcircuit which simulates
experimental data. In other studies LFPs were used to determine network characteristics of properties such
as motor control (Sanes and Donoghue, 1993; Heldman et al., 2006), sensory processing (Di et al., 1990;
Einevoll et al., 2007) and memory (Pesaran et al., 2002; Liebe et al., 2012).

Due to the complex configuration of the charges generated by neuronal processes in the highly inho-

mogeneous extracellular space, the biophysical mechanisms underlying the genesis of LFPs are difficult to
interpret (Nunez, 2006). In order to differentiate neuronal contributions to the LFP, many computational
models have been developed (Einevoll et al., 2013). Typically, two types of modeling can be distinguished,
forward-modeling and inverse-modeling. The first kind is used to model the EFP from transmembrane
currents while the latter allows one to approximate the cortical currents based on the measured EFP.
A different, regularly used approach to decipher the EFP is converting the signal into the frequency do-
main using a Fourier transformation (Nunez, 2006). In the frequency domain different quantitative ap-
proaches can be used, such as co-variation within frequency bands and correlation with single unit record-
ings (Nielsen et al., 2006).

ECoG is a useful and widely used methodology to monitor neuronal EFPs at a global level with limited
neuronal invasiveness (compared with intracortical recordings), making it especially suitable for research
involving humans. The ECoG signal samples from a larger region than the LFP as it typically uses elec-
trodes with smaller impedance (Toda et al., 2011). Furthermore, the cortical surface potentials have higher
spatial resolution and signal-to-noise ratio than EEG. Under experimental conditions, for instance, certain
low frequencies fluctuate with location in ECoG recordings but seem to be invariable in EEG measurements
(Crone et al., 1998). Particularly flexible high-density multichannel electrode arrays can yield precise mea-
surements (Takeuchi et al., 2005; Toda et al., 2011), even at a submillimeter spatial resolution (Viventi
et al., 2010). Approximately a decade ago ECoG was introduced as a promising electrophysiological mea-
surement to steer neuroprosthetic devices (Leuthardt et al., 2004; Ramsey et al., 2014). The electrodes
can be implanted for long-term use because the risk of damaging the cortical tissue is limited (the corti-
cal surface is usually not penetrated), resulting in durable and stable recordings (Chao et al., 2010). The
high signal fidelity renders ECoG well suited to decode motor- or sensory information used for efficient
brainmachine interfaces (BMIs) (Schwartz et al., 2006).

Understanding the underlying activity and limitations of the signal ECoG samples from is necessary
to design BMIs effectively and for highly accurate functional mapping before resection. This review will
discuss factors involved in the generation of the EFP through several approaches, such as describing the
neuronal architecture and electrical properties of neuronal tissue. The main focus will be computational
models and types of analyses which arguably are essential to disambiguate underlying neuronal contrib-
utors. Generally, modeling and functional frequency decoding studies address intracortically measured
EFPs, using LFP recordings. Here, an attempt will be made to combine this literature with that concerning
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intracranially sampled EFPs, ECoG. In order better to understand physiological measures of neural activ-
ity, the mathematical relation between neuronal dynamics and different experimental modalities must be
studied (Deco et al., 2008; Logothetis, 2002).

2. Factors in the generation of the EFP

Any type of transmembrane current (e.g., created by excitable membranes such as spines, dendrites,
axonal nodes of Ranvier, soma of the neuron) contributes to an electric field potential, the EFP. All these
ionic processes in the brain superimpose an electric field, which can be measured as V, at a certain location,
both intracellularly and extracellularly. This superposition principle (the net response caused by multiple
stimuli is the sum of these responses) is an important property of linear systems, rendering mathematical
methods such as Fourier and Laplace transformations applicable. The measured waveform characteristics
of the EFP (such as frequency composition, sign and shape) depend on the numerous contributing sources
and properties of the brain tissue the current travels through. The spatial density, polarity and magnitude
of the individual sources as well as the temporal coordination of these current sources (synchronization of
neuronal activity) determine the shape of the extracellular field. These key shaping factors (the neuronal
architecture, geometry and temporal synchrony of neural networks and the contributions of the individual
neuronal activities) will be discussed in more detail below.

2.1. Individual contributors to the EFP
Synaptic activity.

Synaptic activity is generally regarded as the dominant component of cortical EFPs. For extracellu-
lar currents to induce a measurable signal, currents from many individual sources must coincide. And
this overlap in time is more likely to occur with slow processes like synaptic currents (Mitzdorf, 1985;
Logothetis and Wandell, 2004; Nunez, 2006).

Extracellular sinks typically emerge when neurotransmitters act on synaptic NMDA (Ca’* and Na*
influx) and AMPA (Na* influx) receptors, causing cations to flow into the synapse. Because of the principle
of charge conservation (the total charge entering and leaving equals zero across the entire membrane of the
cell) there is a passive ionic current from intracellular to extracellular space. Ruled by the electroneutrality
principle, a return current (an extracellular source) is formed to maintain the equilibrium between cations
and anions. A sink is defined as a flow of positive charge away from the recording electrode or a flow of
negative charge toward the electrode. Vice versa, a source is a flow of positive charge towards the electrode
or a flow of negative charge away from the electrode. Thus, when measuring intracellularly, the example
with NMDA receptors would produce a source.

Similarly, inhibitory currents mediated by GABA subtype B (GABA ) and GABA subtype A (GABA,)
receptors stimulate the opening of K* and CI~ channels causing an efflux of cations or influx of anions,
respectively. However, GABA, receptor induced currents contribute minimally to the extracellular field
because the resting membrane potential and the equilibrium potential of C1~ are almost the same (Woodin
et al., 2003; Purves et al., 2004). There can be a GABA, effect when neurons are spiking, because the
membrane will be depolarized and then the inhibitory CI~ can generate measurable transmembrane currents
(Glickfeld et al., 2009; Bazelot et al., 2010).

Depending on the sink-source configuration, a dipole or higher order pole emerges (Nunez, 2006;
Lindén et al., 2010). This will be discussed in more detail in Sections 2.2 and 3.1.

Spiking activity.

Action potentials occur due to an increased permeability of the neuronal membrane to Na* generating
a strong current, which can be measured as spiking activity. The amplitude of a spike typically decreases
exponentially as the distance from the soma increases. In contrast to synaptic signaling, the short duration
of the spike generated electric fields (less than 2 ms) implies that not many contiguous neurons are likely
to fire synchronously in this limited timescale. Therefore, until recently these large local V, deflections
were thought to make only a minimal contribution to the EFP frequency spectrum. However, synchronous
and frequent spiking activity of a population of neurons could contribute to specific frequency bands of the
EFP, mainly in the high-frequency spectrum (Niedermeyer and da Silva, 2005; Ray and Maunsell, 2010).
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More complex dendritic spikes can make major contributions to the EFP as well, because voltage-
dependent Ca’* channels give rise to slow Ca** mediated spikes (Wong et al., 1979; Golding et al., 1999).
However, distinguishing Ca* spikes from excitatory postsynaptic potentials (EPSPs) is complicated since
both can be induced by NMDA receptors (Schiller et al., 2000; Larkum et al., 2009). Buzsaki et al. (1996)
recorded dendritic Ca®* spikes extracellularly from a CA1 pyramidal cell (Figure 1A-E). They observed
that weak commissural stimulation (B-C), indicated by arrows and lower trace, can delay (B) or even
abolish (C) the slow, large Ca®* spike. If the Ca®" spike occurs before the arrival of the dendritic cur-
rent injection, it is aborted (D) and when the magnitude of the stimulation increases (E), a decay of fast-
spike amplitude is measured. Another study (Helmchen et al., 1999) measure dendritic Ca** spikes with a
complex recording configuration, simultaneously performing calcium imaging and recording intracellular
recording and ECoG (Figure 1F). These slow Ca®* spikes exhibit a temporal signature within the low-
frequency spectrum, comparable with synaptic currents. The dendritic depolarization is approximated with
a smoothed spike curve (G, left). The integral of the smoothed dendritic curve describes the amount of
current flow and this integral curve resembles the Calcium Green-I's fluorescence trace (G, the two upper
right traces). The derivative of the curve has a close resemblance to the recorded ECoG spike (G, the two
lower right traces). Figure 1H illustrates the relation between various dendritic depolarization amplitudes
(arrows) and the Ca?* flux. Finally, the recorded ECoG spike potential is correlated with intradendritically
measured potential (I).
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Figure 1: (A) illustrates an extracellular Ca®* spike recording from a CA1 pyramidal neuron. Weak commissural stimulation (lower
traces) delayed (B), abolished (C) or aborted (D) the dendritic spike. An increased stimulation (E) reveals a diminished amplitude
of late fast spikes. (F) Depiction of the recording configuration with intracellular recordings having a resistance of 70-150 MQ
and ECoG being sampled at 0.1-300 Hz. The craniotomy was filled with agar to minimize motion and overlaid with a coverglass.
Electrodes containing the Ca?* indicator Calcium Green-I were inserted through the agar. (G) Left traces depict the intracellularly
recorded dendritic spike and the curve after smoothing. The two upper right traces show the integral of the smoothed dendritic spike
curve and the similar looking Ca?* fluorescence recording. Bottom traces display the derivative of the smoothed curve and below it
the recorded ECoG spike, which has a close resemblance to the derivative. (H) Several dendritic spike amplitudes and their relation
to the Ca®* flux. (I) Dendritic spike amplitudes recorded with ECoG depicted against the dendritic depolarizations display a positive
correlation with r=0.82. A-E reproduced from Buzsaki et al., 1996 and F-I from Helmchen et al., 1999

Finally, the afterhyperpolarization (AHP) occurring after action potentials may contribute significantly
to the EFP (Buzsdki et al., 2012). Different types of AHPs can be distinguished: fast and medium AHPs
mediated by high-conductance Ca>* activated K* channels (brief duration) and slow low-conductance Ca>*
activated K* channel regulated AHPs (lasting from hundreds of microseconds to seconds) (Bean, 2007).
While fast and medium AHPs can be generated by a single action potential, slow AHPs typically emerge
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when multiple spikes occur. So AHPs induced by Na* and Ca** spikes can contribute to the EFP because
they have a magnitude and duration comparable to that of synaptic processes (Buzsaki et al., 1988). For
instance, AHPs might mediate the EFP shifts observed during movement preparation (Kornhuber et al.,
1969; Christie and Kamen, 2010).

Contributions of action potentials to the EFP will be addressed in 4.5 using a forward-modeling scheme.

Indirect EFP contributors.

Gap junctions allow the transmission of ions and various molecules between cells. While gap junctions
themselves do not directly contribute to the extracellular current, they do affect excitability by facilitating
ionic flow between neurons and thus can increase neuronal synchronization (Barth, 2003).

A study by Kang et al. (1998) shows that glial cells can noticeably affect the EFP. They demonstrated
an astrocyte-mediated inhibitory synaptic transmission between hippocampal pyramidal neurons and in-
terneurons. A recent modeling study describes how astrocytes may move cations from the extracellular
space after neuronal activation (Halnes et al., 2013). Their model incorporates several processes of as-
trocytes that influence the movement of ions, such as axial transport and the location where cations are
released. Neuron-glia interactions have been proposed in several studies to contribute to slow field patterns
(<0.1 Hz) (Petsche et al., 1984; He et al., 2008; Kang et al., 1998).

Ephaptic coupling.

Due to the conductive nature of the extracellular medium, electric fields cause changes in the trans-
membrane potential of neurons (Chan and Nicholson, 1986; Anastassiou et al., 2011, 2010; Radman et al.,
2007). Arvanitaki (1942) introduced the term ‘ephapse’ (‘to touch’) to describe the interactions between
neighboring (touching) neuronal cells and electrical currents. Ephaptic coupling might increase synchro-
nization in both inhibitory and excitatory neuronal activity, for instance during hippocampal theta waves
(Jefferys, 1995; Anastassiou et al., 2011). The effect of LFP induced ephaptic changes on single neurons
might be necessary to accurately model the LFP signal (Bédard and Destexhe, 2009 and discussed further
in4.4.2).

2.2. Cytoarchitecture

To understand the relative contributions of the various ionic currents influencing the EFP, the architec-
ture of the cortical tissue and the shape of individual neurons need to be addressed. First, Lorente (1947)
introduced open- and closed-field models to compute the EFP during an action potential. The geometrical
configuration giving rise to a closed field is a sink or source at minimum separation from the return cur-
rent, which keeps the potential and currents generated within a confined region. For example, the EFPs
and currents remain confined within the architecture of the hippocampus, being folded onto itself, and
thus the hippocampal field signature approximates a closed-field arrangement. Furthermore, in the human
hippocampus the pyramidal cells are not neatly aligned and occupy numerous rows, so the potential is
canceled out by the source and sink currents flowing in opposite directions. Cells with symmetric dendritic
branching, i.e. stellate cells (Rall, 1962), anatomically imply a closed-field configuration as well. Theo-
retically a symmetrical synaptic input pattern would cause a closed-field configuration, since the various
nearby contributions cancel out. However, this will only occur if sufficient synaptic inputs occur equally
spaced around the dendritic arborization. Therefore, even though the morphology suggests a closed-field,
stellate cells can contribute significantly to the EFP (Figure 2).

Pyramidal cells are the most ubiquitous neuron type in the neocortex, with distinct dendritic trees at
the base (basal dendrites) and at the apex (apical dendrites) of the soma. The long dendrites of pyramidal
neurons create a geometrical configuration with substantial space between sink and source. This results
in a considerable ionic flow which contributes substantially to the EFP. Because of the large number of
pyramidal cells and their spatial alignment they give rise to the majority of the generated cortical dipole
moments. Therefore, the cerebral cortex could be viewed as an open-field configuration (Rall, 1962).
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Figure 2: Several LFPs generated with a passive neuron model (i.e. there are no active dendritic ion channels, values of electric
parameters can be found in Lindén et al.) from the cat visual cortex receiving input from one excitatory synapse (white circle, a
negative current is injected described by an a-function, displayed in A). This illustrates how different dendritic arborizations, locations
of the active synapse and positioning of the recording electrode affect the LFP. The LFP induced by an EPSP at apical dendrites and
at the soma of a simulated layer 5 pyramidal cell (A and B, respectively) and at distal dendrites and at the soma of a simulated layer 4
stellate cell (C and D, respectively). The LFP of each cell is displayed at specific locations around the neuron (the black dots indicate
the location, the black line emerging from it displays the LFP at that particular position). The solid gray contour lines enclose the
positive LFPs and the dotted contour lines the negative LFPs. The contour traces are spaced logarithmically illustrating the amplitude
decays by factor 2, the expected dipole decay rate. Reproduced from Lindén et al., 2010

The magnitude of the EFP is inversely proportional to the size of the brain (Kahana et al., 2001;
Csicsvari et al., 2003; Buzsaki et al., 2003), with mouse > rat > cat > primate. Perhaps this can be at-
tributed to a smaller amount of rows resulting in less cancellation of non-aligned neurons. Further, pyra-
midal neurons are less closely packed in large brains than in small mammalian brains (Herculano-Houzel
et al., 2007). The result is a higher conductivity (considering the cell membranes’ capacitance) and thus
neurons are more likely to cancel each other out. The folded geometry of the cortex (in mammals having
a sufficiently large cortex, that is) is a third factor influencing the magnitude of the EFP (Niedermeyer and
da Silva, 2005). Dendrites are packed more densely at the concave side (the sulcus) than at the convex side
of a gyrus which causes differences in the current densities (Buzséki et al., 2012).
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2.3. Temporal synchrony

The magnitude of the EFP cannot be explained solely by structural properties of the cortex, synchrony
of neural networks is another important factor. Neural networks are oscillatory systems in which single
cells are the oscillators. One definition of synchrony is the temporal coherence of firing rates. For example,
coupled neural inputs would result in synchronization. Another, stricter, definition of synchronization is
a phase relation (in-phase, anti-phase or involving some kind of phase-shift) or the exact concurrence of
neural events. Neurons can be coupled through electrical and chemical synapses (Kopell and Ermentrout,
2004). Gap junctions (which influence electrotonic communication between neurons) have for instance
been discussed in connection with synchronized bursts and epileptic seizures (Perez Velazquez and Carlen,
2000).

Quantifying synchronous oscillations of neural potentials can be done by cross-correlating the mem-
brane potential fluctuations of a population of neurons over a large amount of time (Hansel and Sompolin-
sky, 1996). Several other methods have been used to calculate the amount of synchronization as well, e.g.
mutual information, phase synchronization, non-linear interdependence (for a comparison, Kreuz et al.,
2007). As expected, the magnitude of electric potentials increases in proportion to the neuronal synchrony
(figure 3). Lindén et al. (2010) demonstrate that synchronized synaptic sources (created by correlated
synaptic input) generate a stronger LFP with a larger spatial spread compared with uncorrelated input
trains. (More about spatial spread and its implications for synchrony in Section 4.2).
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Figure 3: Simulated neuronal bursting patterns with (A) high synchrony, (B) low synchrony, (C) no synchrony. The upper two graphs
of each column display the electric potential of two single neurons from the population containing N = 512 neurons. The lower
three panels show an attenuation of the fluctuations in (C) with populations of 512, 2048, 8192 neurons, while the amplitude remains
constant in (A) and (B). When N — oo the amplitude of the asynchronous bursts will approximate zero. The connectivity of the
model is described by each neuron being connected to every other neuron. Reproduced from (Golomb, 2007)
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3. Basic modeling schemes

3.1. Forward-modeling the EFP

An electric field exerts a force on charged particles and can be transmitted through biological tissue, i.e.
by volume conduction. Volume conductor theory describes how volume current sources (transmembrane
currents) propagate through biological tissues towards a recording site (Ebersole and Pedley, 2003; Lindén
et al., 2010). Depending on the spatial configuration of sink and source a dipole or higher order pole can be
formed. Notably, at the scale of the membrane sinks and sources are distributed along its surface without
a current flow between two poles. At larger distances however, (approximately four times the diameter
of the sink-source axis) the potential will display a signal as if produced by a dipolar current flow (dipole
approximation). For cortical EFPs, volume conduction modeling studies demonstrate that contributions
from synaptic inputs seem to be the biggest component in generating dipole moments (Einevoll et al.,
2007; Pettersen et al., 2008). The EFP’s biophysical origin is well understood in the framework of volume
conductor theory (Nunez, 2006) and forward-modeling based on multicompartmental neuron models has
been widely used (Rall and Shepherd, 1968; Destexhe, 1998; Holt and Koch, 1999; Gold et al., 2006;
Pettersen and Einevoll, 2008; Lindén et al., 2010, 2011). Indeed, the fact that electrical recording methods
such as EEG and ECoG are possible robustly demonstrates the extent of volume conduction (Buzséki et al.,
2012).

Cortical tissue consists of tightly packed neurons embedded in a low-resistance extracellular medium
(Nunez, 2006; Brette and Destexhe, 2012). In this biophysical framework the relation describing the extra-
cellular potential ¢(¢) measured at electrode position r, caused by a transmembrane current I(¢) at position
1o may be described as follows:

q)(r,t):L Io(2)

dno |r, — ro|

ey

Basically, this equation describes how the contribution of one point source in an isotropic volume con-
ductor is inversely related to its distance from the electrode (Figure 4). The extracellular conductivity o is
the reciprocal of the resistivity and describes the ease with which ions can pass through extracellular tissue.
According to this formalism, at an infinitely faraway point from the transmembrane current the extracel-
lular potential is zero. The point-source equation of the current flow relies on the assumption that there
is a point from which the membrane currents emanate (Holt and Koch, 1999). Conceptually, this point-
source approximation is sufficient to explain EFPs generated by any transmembrane current. A different,
frequently used approach to describe transmembrane currents is the line-source approximation (Holt and
Koch, 1999; Pettersen et al., 2008). To obtain the EFP generated by a line-source, Eq. 1 is expanded with
a function of the geometric distances of the segment with the assumption of evenly distributed currents.

The above formula relies on a set of assumptions (described in detail in Brette and Destexhe, 2012).
Among these assumptions is the quasistatic approximation obtained from Maxwell’s equations (neglecting
the time derivatives of the electric and magnetic field equations and thus leaving them effectively decou-
pled). Also the extracellular conductivity and permittivity (e) should be isotropic (i.e. the same in all
directions), frequency-independent (i.e. not variable with frequency) and homogeneous (uniform through-
out the extracellular medium). Assuming this for o and € is equivalent to assuming a purely resistive
medium, such as salted water. If the assumptions are violated adjustments are possible; anisotropic con-
ductivity, for instance, could easily be incorporated in the formula by replacing the denominator with
47 \Joyo(x — x0)? + 0.0, (y — y0)? + 0:07y(z — 29)> (Nicholson and Freeman, 1975). Solving violations to
the frequency-independence assumption is discussed in Section 4.4.1.

While Eq. 1 applies to single transmembrane currents, we can easily generalize it to many transmem-
brane current sources. Using the principle of linear superposition provides us with a multicompartmental
formula with N point sources:

1 L0

n=1
A schematic representation of the multicompartmental model is illustrated in Figure 4. It is important
to take notion of Kirchhoff’s current conservation law when calculating EFPs due to neuronal activity.
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Kirchhoff’s current law states that the net transmembrane current coming out of a neuron has to add up to
zero. Thus, in the multicompartmental neuronal model with N compartments ZnN:1 1,,(¢) = 0 should apply.
This would also imply that one-compartment models do not generate an EFP because the transmembrane
current has to be zero. To produce an EFP, the simplest model consists of two compartments forming a
dipole (Einevoll et al., 2013). The electric potential of a dipole decreases as 1/72, whereas for a monopole
this is only 1/r. Dipoles decay faster due to the summation of the opposing charges of the sink and source.
Similarly, higher order poles attenuate at an even higher rate because of the charges canceling each other
out. Recent studies (Bédard and Destexhe, 2011; Destexhe et al., 2012; Riera et al., 2012) indicated that
monopoles could exist at a population scale. They even suggest that monopoles reflect the ionic current
at the scale of single neurons. However, this is not in agreement with many electrophysiological models
(Gratiy et al., 2013), e.g. the well funded Hodgkin-Huxley model which describes the electrical character-
istics of excitable neurons (Hodgkin et al., 1952). Gratiy et al. (2013) discuss several other explanations for
the monopolar current sources. However, this subject is still under debate. Note that, although dipoles seem
an intuitive representation of synaptic transmembrane currents, multipolar configurations can be composed
of an arrangement of monopoles (Purcell and Morin, 2013).
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Figure 4: A schematic representation of the layered cortical structure containing stellate cells (blue), different sized pyramidal cells
(layer-3, red and layer-5, green) and the signal recorded at different locations. The orange pyramidal cell receives excitatory input at
its apical dendrite creating a tranmembrane current sink and a number of comparments with return currents (creating an extracellular
source). This illustrates the multicompartmental point-source model with n segments and their respective current amplitude and
direction (displayed by the arrows). Recorded oscillations reproduced from Contreras and Steriade, 1995

In order to make a numerical calculation of the EFP, on must first simulate a neuron and its transmem-
brane currents. Multicompartmental neurons are usually simulated with tools such NEURON (Carnevale
and Hines, 2006) and GENESIS (Bower and Beeman, 1995). Then, Eq. 2 is used to calculate the EFP on
the basis of the spatial configuration of the simulated neuron and its ionic currents. This way the forward-
modeling scheme can be used to describe characteristics of the LFP by varying multiple factors such as
dendritic morphology, synapse location and input synchrony (Rall and Shepherd, 1968; Holt and Koch,
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1999; Lindén et al., 2010), which provides insight into the underlying neuronal activity of recorded poten-
tials. For instance, Lindén et al. (2010) models excitation at several dendritic branches of a reconstructed
layer 5 pyramidal neuron and of a reconstructed layer 4 stellate cell (Figure 2). Besides the apparent de-
crease in amplitude with increased distance from the neuron, the shape of the LFP seems to broaden (an
increased half-width of the potential, addressed in further detail in Section 4.3). This frequency-dependent
behavior of the signal is an important reason why action potentials are less prominent in the LFP. Frequency
scaling of the LFP will be discussed further in Section 4.3. The size and sign of the amplitudes in (Figure
2A) display positive LFPs near the soma (indicating sources because of return currents) with rather high
magnitudes (illustrating non-linear decay, regarding the distance of ~1 mm from the current injection).

Another example applies the forward-modeling scheme to describe spike-and-wave epileptic seizures
(Destexhe, 1998). Several types of epilepsy display absence seizures with typical spike-and-wave patterns
in the ECoG and EEG signal (Jasper and Kershman, 1941; Destexhe, 1998; Cortez et al., 2004). The
generation of these spike-and-wave patterns has been related to synchronous cortical firing (spike) and
receptor-mediated responses (wave) in thalamocortical radiations (Steriade and Contreras, 1998). Des-
texhe (1998) simulates the spike-and-wave patterns using Eq. 2 while incorporating synaptic currents, the
forward-generated LFP, intrinsic membrane currents and thalamocortical connectivity. The spike-and-wave
pattern was simulated with synchronous postsynaptic potentials (that generated the spike) and thalamic
GABA-mediated inhibition (giving rise to slow K* currents).

3.2. Inverse-modeling the EFP

The forward-modeling equation discussed previously estimates the EFP on the basis of neuronal ac-
tivity. A related approach attempts the opposite, estimating the activity in neurons from the EFP, which
causes the inverse problem (Tarantola, 2005; Nunez, 2006) because macroscopic variables are used to in-
fer microscopic ones. For the LFP this means estimating current sources and sinks from the recorded
volume-conducted electrical field. The common approach to a solution of the inverse problem is solving
the forward formula (Eq. 2) first. To this end, constraints must be added (Leski et al., 2011; Nicholson
and Freeman, 1975). First, the relation between microscopic and macroscopic events must be described
(Mitzdorf, 1985; Buzsaki et al., 1986; Einevoll et al., 2007). Second, it should be possible to model LFPs
from its components (e.g. synaptic currents) experimentally (Buzsdki et al., 2012). Generally, current
source density (CSD) analysis is used to quantify the amount of current displacement in the extracellular
medium (Nicholson and Freeman, 1975; Mitzdorf, 1985). Conceptually, the CSD estimates currents at a
spatial resolution of tens of um; however, because of the inter-contact distance this is rather in the order of
hundreds of ums.

3.2.1. CSD analysis

CSD estimates typically use evenly spaced laminar multielectrode arrays inserted orthogonally into the
cortex; they are a quantification of the volume density of the net current flow in the medium. Theoretically
CSD analysis can be illustrated by considering a population of pyramidal neurons being excited by input at
their basal dendrites. This results in a typical dipole (sink-source) CSD distribution, which can be measured
as a field potential using a multielectrode. The difference in potential over extracellular space (using the
evenly distributed contact sites of the laminar multielectrode) can be estimated as difference in potential
per distance.

First, the relation between the electric potential and CSD is described as an integral, by reformulating

Eq. 2:
P(r1) = L f f .0 oy A3)
4no D |re — 7|

This volume integral (in the Cartesian coordinate system) within region D integrates over the CSD C(r)
(unit A/m?) measured at the position of the electrode r,. The quantity of the CSD is described by C(r, 1) =
Z,,Nzl 1,(t)8>(r — r,) with 83 describing the 3-D Dirac delta function. The inverse algorithm of this equation
is described by the Poisson equation. It can be obtained by combining (1) the relation between the electric
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field E to the potential ¢, E = —V¢ with (2) the current conservation described by the relation between the
current density j and the electrical field V - (GE +7) = 0 (Brette and Destexhe, 2012):

R L

C(x,y,z) = —O'(@ + a_yz + 6_22

)¢(x, y,2) = —oV2¢(r, 1) 4)

This differential is valid when conductivity o is isotropic (the same in all directions) and constant, but the
formula can be adjusted (Brette and Destexhe, 2012) by for instance making the conductivity dependent
on position (o = o (r)).

CSD analysis relies on the laminar architecture of the cortex and presumes variation to happen mostly
in one directional plane (vertical variability across the laminae is assumed to be large compared with lateral
variability). Based on this characteristic, a simplified version of the equation can be obtained, with a CSD
estimate along only one axis (z), neglecting the other two planes (x,y) (Nicholson and Freeman, 1975):

Pz +96) = 20(z)) + Pz — 6)
52

This estimate of the CSD can be quite erroneous, e.g. when the source diameter is small. Different
approaches to compute the CSD have been introduced in 3-D (Nicholson and Freeman, 1975) or with the
inverse CSD analysis, which makes use of the forward solution to take into account activity along the
neuronal population activity (Leski et al., 2011; Pettersen et al., 2006; Leski et al., 2007). This method has
been successfully validated by first forward-modeling the EFP and subsequently using the inverse CSD to
test its accuracy at predicting the underlying activity (Pettersen et al., 2008).

Zhang et al. (2008) reconstruct current densities from subdural ECoG recordings using the finite ele-
ment analysis (FEA). Their ECoG current density reconstruction transforms the Poisson equation into a set
of linear equations along the FEA grid, describing the dipole moments along this grid. Their solution to
the inverse problem may prove useful to localize the seizure focus of epilepsy patients.

C(zj) = —0'( (5)

4. Properties of the LFP

The LFP signal is particularly difficult to interpret compared with spiking activity due to the large
amount of contributing sources, discussed previously. Early studies initially proposed that the recorded os-
cillations can be attributed to action potentials in a specific neuronal circuitry (Bishop, 1936). A contrasting
explanation suggested that oscillatory processes of the membrane potential, rather than spiking activity, are
involved in the genesis of EEG (Bremer, 1938, 1944; Moruzzi and Magoun, 1949). The theory that the LFP
and EEG stem from synchronized summated synaptic activity was first coined by Eccles (1951); it is still
the leading explanation. Indeed, its truth has been demonstrated in intracellular measurements (Creutzfeldt
et al., 1966) and modeling studies (Nunez, 2006). In this section several properties of the LFP are described
and biophysical models based on the previous formulas are used to simulate these features.

4.1. Frequency bands and the underlying neuronal activity

The LFP is generally decomposed into frequency bands by applying a Fourier transformation, i.e. delta
(2-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz), and gamma (30-150 Hz). This categorization is
typically defined phenomenologically (frequency bands are related to certain physiological states) and thus
rather arbitrary. A functional division of the frequency spectrum could be achieved by analyzing whether
frequency bands carry independent information about experimental tasks. Subsequently these frequency
bands might convey distinct information about the underlying neuronal activity. Note that this approach
based on co-variation is dependent on the presented stimuli, which should be highly divergent in order to
distinguish between the underlying contributors.

The dependency of frequency bands on the underlying neuronal activity is generally measured using
signal- and noise correlations (Belitski et al., 2008). Signal correlation (e.g. with the Pearson product-
moment correlation coefficient) quantifies the dependence of neural recordings on different experimental
stimuli. Most experimental designs are based on this concept. Noise correlations compute the opposite by
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quantifying the covariation across trials (for instance, the relation between LFP and spikes without a chang-
ing stimulus), instead of across experimental conditions used in the signal correlation. Analyzing the LFP
frequency spectrum with this approach enabled researchers to show the relation between the information
conveyed in LFPs and spikes (Belitski et al., 2008). They found a significant positive signal correlation
between the high-y band and spikes. Belitski et al. (2008) also found a positive signal correlation be-
tween pairs of y range frequencies suggesting this range carries information about the stimulus. The noise
correlation was positive for low frequencies (<24 Hz) between pairs of LFP frequencies, which suggests
that this frequency range conveys stimulus independent information, for example diffuse neuromodulatory
mechanisms. This method also revealed a dissociation between the information contained by low and high
frequencies. Instead of using these spike-related features of the LFP, David et al. (2010) regard them as an
artifact when using high impedance electrodes to record the LFP (comparable to removing muscle artifacts
in EEG). High impedance electrodes can pick up spikes close to the electrode-tip and nearby synaptic po-
tentials dominate the signal. In David et al. (2010) the action potential signature is decoupled from the LFP
with linear filtering methods to obtain the information conveyed solely by the LFP.

Dissociating between functional frequency bands can prove difficult when the noise and signal corre-
lations are overlapping in the information they convey. For example, the relation between the high-y band
and spikes has been demonstrated in numerous studies (Crone et al., 2011; Ray et al., 2008b). It has re-
ceived considerable attention because the information in the high-frequency band of the LFP could provide
a link between the mesoscopic-level ECOG/EEG and the microscopic-level spiking activity of neuronal
assemblies. The dissociation between high-y frequencies and typical (narrowband) y oscillations is still
unclear however (Ray and Maunsell, 2011). Although high-y bands show correlations with spikes, they
might also reflect high frequencies originating from rhythmic inhibition, similar to y oscillations.

Optimization techniques prove to be an effective alternative approach to the functional separation of
correlated frequency bands (Siegel and Konig, 2003; Magri et al., 2012). The optimization in Magri et al.
(2012) encompasses separating the frequency bands in such a way that the information about the stimuli is
maximized. Such optimum partitioning of the frequency spectrum provided boundaries between the high-y
band and y band. Furthermore, lower frequencies were divided into stimulus-independent and stimulus-
dependent bands.

Another approach which addresses the distinction between transient fluctuations (for instance due to
spiking activity) and oscillatory functions (which is traditionally done by applying Fourier transformations)
is the matching pursuit algorithm (Ray et al., 2008a). This algorithm decomposes the signal by iteratively
matching the best fitting function (i.e. typically a family of Gabors); then after each iteration the function
is subtracted from the signal, ultimately resulting in a set of functions describing the signal. This analysis
demonstrated that the high-y band of ECoG recordings consists mostly of transient functions, once more
indicating a relation to spiking activity. A study using comparable methods found similar results measuring
LFPs and spikes (Ray et al., 2008b).

Although measuring the field potential at different scales often yields similar characteristics (Steriade,
2003; Buzsdki et al., 2012, Figure 4), there are fundamental differences in interpreting the signal. Ray et al.
(2008a) use Eq. 2 to simulate the current source distribution of ECoG experimental data. This allowed them
to demonstrate an increase in the high-gamma band of the frequency spectrum related to firing rate and,
especially, neural synchrony. However, several studies indicate that broadband changes (over the entire
bandwidth) in the frequency power spectrum are correlated with action potential firing (Manning et al.,
2009; Miller et al., 2009). Miller et al. (2009) use a simple simulation (based on Bedard et al., 2006b)
demonstrating this characteristic. Simply convolving a Poisson-distributed spike train with a postsynaptic
current can imitate broadband spectral changes based on the spiking activity.

A few studies simultaneously measure and correlate ECoG and LFPs to address their relation (Toda
et al., 2011; Watanabe et al., 2012; Peyrache et al., 2012). Peyrache et al. (2012) record both ECoG and
LFP signals using the same electrodes demonstrating similarities in slow delta waves during slow wave
sleep. Watanabe et al. (2012) recorded LFPs and multichannel micro-ECoG simultaneously to compare
and reconstruct LFPs from ECoG recordings in the primary motor cortex. They found that ECoG signals
resemble the LFP at recording sites just below the ECoG electrode. As expected, as the distance (and thus
depth of the LFP electrodes into the cortex) increases the similarities decrease. The ECoG and LFP signals
show a high resemblance at the surface (minimal distance between the recording position), particularly the
B frequency band displays a relatively high correlation between the two measurements. The resemblance

12



at high-y frequencies rapidly attenuates with deeper intracortical recording sites.

LFPs where reconstructed from the ECoG signal by weighted summations of the ECoG signal. In con-
trast to the correlation between the different signals, this produces an accurate reconstruction of the LFP at
bigger depths. At small distances from the ECoG electrode (less than 2 mm) a small correlation with the re-
constructed signal is observed in the high-y band. The 8 and ¢ band were reconstructed with high accuracy.

One cause of differences between epi- and in-
tracortical recordings is the sampling of ECoG
from a large population of neurons compared with
the LFP, due to a lower impedance of the electrode
(typically a few kQ vs. several hundred kQ to a
few MQ). Furthermore, the electrode size and spa-
tial sampling density profoundly influence the sig-
nal, which results in differences in decoding per-
formance (Mehring et al., 2004). Yet another in-
fluential difference concerns the farther proximity
of the ECoG electrodes to the current sources (epi-
cortical vs. intracortical recording site). Thus the
ECoG signal could be considered the LFP trans-
formed by a large layer of neural tissue.

Despite this extensive amount of experimen-
tal evidence relating frequency bands to cortical
activity, the changes at a neuronal level remain
vague. Since a greater distance between current
dipoles and recording site was demonstrated to
exhibit an attenuation in high frequencies both
theoretically and experimentally (Einevoll et al.,
2013; Brette and Destexhe, 2012), less invasive
techniques should have lower sensitivity for high-
frequency activation. Thus, measurements such as
ECoG and EEG do not reveal the full frequency
spectrum and the decrease in high frequencies may
even cause interference resulting in a power in-
crease in narrow-band frequencies (Crone et al.,
2011).

4.2. Spatial reach of the LFP

Depending on the current dipole and the con-
ductive medium, some electric field patterns re-
main relatively local while others can be recorded
far away from the current source (Lindén et al.,
2011; Kajikawa and Schroeder, 2011). However,
no clear consensus has been established yet on the
amount of spatial reach of LFP (the size of the
region underlying the signal). Indeed, highly di-
verging results have been reported on the amount
of cortical spread of the LFP signal. Some reports
show a literal "local’ LFP reflecting neural process-
ing in an approximate range of 200-400 ym around
the recording electrode (Katzner et al., 2009; Xing
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Figure 5: Populations of (A1) layer-3 pyramidal cell, (A2) layer-4
spiny stellate cell and (A3) layer-5 pyramidal cell receiving uncor-
related synaptic input. The radial reach R* (defined as the part of
the neuronal population that contributes to 95% of the LFP am-
plitude) of the field potential along the layers for each cell type.
Circles outline homogeneous synaptic input, triangles basal input
and diamonds apical input. Only the layer-5 pyramidal cells dis-
play changes in the depth dependence of the population LFP with
synaptic input location, the layer-3 cells seem largely independent
of the synaptic distribution. Note that the LFP amplitude is largest
at the soma, indicating a rather local LFP for these uncorrelated
inputs. Reproduced from Lindén et al., 2011

et al., 2009). Here the spread of the evoked LFP even appeared to match the multi-unit activity (MUA)
spread across the cortical surface. Many other estimates of the amount of cortical propagation have been
proposed, showing a lateral spread of LFPs over distances of 600-1000 um (Berens et al., 2008; Gail et al.,
2003; Kruse and Eckhorn, 1996; Liu and Newsome, 2006), 2-3 mm (Logothetis et al., 2001; Mitzdorf,
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1985; Nauhaus et al., 2008; Wang et al., 2005) and even up to 5 mm in Kajikawa and Schroeder (2011);
Kreiman et al. (2006). However, comparing these studies is complicated because most use different stim-
ulus conditions, measure different brain regions and do not even consider the same part of the LFP (e.g.
evoked or induced potentials, frequency bands). Even two studies measuring LFPs in primary visual cortex
(V1) using comparable approaches produced different estimates of the amount of cortical spread (Berens
et al., 2008; Katzner et al., 2009).

Lindén et al. (2011) and Leski et al. (2013) simulated the size of the region of contributing neurons
around an electrode and point out three factors that influence the spatial reach of the LFP which might
reconcile the discrepancy between the previously mentioned studies. First, because of the superposition
principle the contributions of all neurons in a population can be summated linearly, with neurons far from
the electrode contributing less than neurons in its proximity. This involves describing how neuronal con-
tributions attenuate as distance from the electrode increases. The second factor concerns the geometry and
architecture of the neural population. Opposing the first factor, a typical disk shaped columnar popula-
tion with evenly spaced neurons will result in linearly increasing amounts of neurons at a certain distance
from the electrode as the distance increases. Finally, a key influence on the spatial reach of the LFP is
the synchrony of the synaptic inputs contributing to the signal (resulting in correlated and thus amplified
LFP contributors). This model predicts a spatial reach of approximately 200 um for 95% of the LFP signal
with uncorrelated synaptic activity (comparable with the findings of Katzner et al.; Xing et al.). Synchro-
nized LFPs amplify the spatial reach and the signal could increase limitlessly combined with an increased
population size.

This modeling approach could relatively easily be adjusted to model neural origin of the EFP measured
with intraciranial electrodes (ECoG) or even at the scalp (EEG). The forward-model would have to incor-
porate the effects of the complex cortical tissue the electrical signal has to cross and, in the case of EEG,
volume conduction along the scalp and skull (Nunez, 2006). One would expect the spatial reach of the
signal to be larger because of the bigger electrodes with smaller impedance at a large distance from the
neural currents. Although this was not directly addressed by Lindén et al. (2011), the LFP amplitude was
modeled with different cell morphologies at their respective cortical layers dependent on electrode depth
which can be used to predict ECoG estimations. The layer 1 electrode is comparable to ECoG measure-
ments since it is close to the cortical surface and thus records a signal similar to the LFP (Watanabe et al.,
2012). Their study shows that the spatial reach of the electrode at layer 1 is large compared with the soma
layer for different cell morphologies (Figure 5). Combining this spatial spread with the type of electrode
(which expectedly will sample from a larger region) might give an indication of the magnitude of the area
ECoG samples from. It should be noted however that the simulation uses uncorrelated sources which is not
representative for the generation of the ECoG signal.

4.3. Frequency scaling

As mentioned previously, the LFP shape gets broader as the distance from the current source increases.
This is typically observed as a 1/f" scaling of the power spectrum distribution and this power law can
be observed in various other areas, such as seismology, finance and allometric scaling in animals (Stumpf
and Porter, 2012). The power spectral density of both macroscopic (EEG) and microscopic (e.g. LFPs)
measured transmembrane potentials display such power-law characteristics.

Figure 6 illustrates the dependence of the frequency power spectrum on the distance between the record-
ing site and the current source. The power law of LFP describes a relation between the amplitude of the
extracellular signal and its temporal frequency as a descending straight line on logarithmic scale that scales
as 1/f" (Milstein et al., 2009; Miller et al., 2009; Pritchard, 1992; Bédard and Destexhe, 2009). Various
mechanisms have been suggested to underly the LFP frequency scaling, but its origin remains unclear. An
intuitive explanation of the higher amplitude of low frequencies is the longer timeframe of lower frequen-
cies, enabling more neurons to add to the potential. In Section 4.4 modeling studies will be discussed in
which frequency scaling characteristics are simulated via the filtering properties of the conductive medium.

The simple way of modeling broadband changes used by Miller et al. (2009), discussed previously,
indicates that the degree of power scaling 1/f" is dependent on various factors such as the temporal shape
of the rising and decaying of the postsynaptic current, synchronous firing and the dendritic configuration
and therefore the type of neuronal cell (Milstein et al., 2009; Miller et al., 2009). The current influx and
efflux generated transmembrane potential that is used is similar to the LFP (Okun et al., 2010) and likely
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comparable with ECoG signals (Miller, 2010). Note that 1/f scaling is a phenomenological feature; so
being able to simulate it does not necessarily mean that it describes the correct underlying neural activity
causing it. And although this model is effective for describing experimental data (the power law scaling),
it does not inform us about the generation and propagation of the electric field through cortical tissue.
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Figure 6: (A) A reconstructed neuron with the morphology of a layer 5 pyramidal cell receives white-noise current at the white circle,
at an apical branch. Power spectra at different positions are depicted with scaling shown in the upper right legend. The dashed and
solid contour traces display the decay of the 100 Hz power and 1 Hz power, respectively. (B) Double logarithmic power scaling of
the membrane currents at locations indicated in the layer 5 pyramidal cell (A), with a square at the soma, triangle at an arbitrary point
in the middle, circle at the location of the current injection. (C) illustrates the same as (B) but for the LFP. Reproduced from Lindén
etal., 2010

4.4. Modeling frequency filtering

Action potentials are typically regarded to contribute less to the LFP signal, which is often explained
by the frequency-filtering properties of the extracellular medium. If the conductive medium acts as a low-
pass filter, higher frequencies, produced by action potentials, will be attenuated more steeply than lower
frequencies, generated by synaptic events (Bedard et al., 2006a; Pettersen and Einevoll, 2008; Bédard and
Destexhe, 2009; Bédard et al., 2004).

Simply computing a two-compartment model does not show a dependency on distance for frequency
filtering (Pettersen and Einevoll, 2008). Several causes have been proposed for the frequency-filtering
properties of the LFP, but the origin is still being debated. The 1/f" scaling of the LFP power can primarily
be explained by the low-pass frequency filtering property of dendritic morphology according to (Lindén
et al., 2010; Gold et al., 2006; Pettersen et al., 2008; Pettersen and Einevoll, 2008, Figure 6). Bédard
et al. (2010), however, indicated that this only holds for isolated inputs used in the model. When natural
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synaptic input trains at many synaptic terminals are modeled the filtering effect disappears. Furthermore,
the logarithmic scale is only observed in high frequencies, similar to a model by Bedard et al. (2006b), while
there is no frequency scaling at lower frequencies (which is observed in experimental data). Self organized
criticality has also been suggested to describe 1/f noise (Bedard et al., 2006b). Another explanation
suggested that action potentials might generate quadrupoles (Milstein and Koch, 2008) which attenuate
more steeply (1/7°) than dipoles (1/r%). Yet another possible source of frequency filtering is the non-
homogeneous extracellular space itself (Bédard et al., 2004). The extracellular space is a complex aggregate
of fluids (extracellular and intracellular) and membranes (dendrites, axons, myelin, glial cells, etc). While
membranes can be viewed as insulators, the fluids are conductive, providing a highly non-homogeneous
extracellular conductivity.

Heterogeneous conductivity may also be considered a means to explain the low-pass filtered LFP
(Gabriel et al., 1996b; Bédard et al., 2004). Heterogeneous conductivity o(w) and permittivity e(w) are
assumed to be constant for all frequencies in Eq. 2, rendering it invalid. To solve this, a microscopic
approach considering volumes in the order of um® (a volume containing both insulating, membranes, and
conducting, fluids, media) can be used in which o and € are explicitly separated into the Fourier compo-
nents of the transmembrane currents. A second approach involves a macroscopic model with volumes in
the order of mm? which averages over the microscopic properties.

4.4.1. Microscopic modeling

Since the extracellular potential is a linear summation of the transmembrane current, a sum over the
contributions from all Fourier components will provide the total extracellular potential (Bédard et al., 2004;
Brette and Destexhe, 2012; Pettersen and Einevoll, 2008). Using the Maxwell equations Bédard et al.
(2004) showed that the extracellular potential in heterogeneous medium follows this equation:

V- (0 + iwe) Ve, = 0. ©6)

This equation describes (in Fourier frequency space) the w-frequency part of the extracellular potential,
¢, and its dependence on permittivity and conductivity. Because o and € can be described as a function
of their location, the propagation of the LFP through inhomogeneous extracellular space can be calculated.
Simulations with this equation show a low-pass filter when o is high near the membrane and attenuation
as the distance from the neuron increases (Bédard et al., 2004).

If we assume a one-compartment current source described in Eq. 1 the extracellular potential at distance
R from the source can be written as:

A © 1 o(R) +iweR) o o

- drno(R) Jp 12 o) +iwe(r)

bw

Varying o and € with location affects the outcome of the integral, displaying different kinds of frequency
filtering. If the permittivity and conductivity are constant, the integral reduces to 1/R and the equation can
be written as Eq. 1 again.

4.4.2. Macroscopic modeling

Another approach uses mean-field models of neuronal activity (Deco et al., 2008; Bédard and Destexhe,
2011). Theoretically, solving Eq. 7 should be sufficient to get the frequency dependence of LFPs. However,
the conductivity at a microscopic scale depends on whether a membrane or fluid is considered. Because
of the highly non-homogeneous extracellular medium it is impossible to define the electric parameters for
each frequency and every point in space yielding the equation unsolvable. The macroscopic formalism
proposed by Bédard and Destexhe (2009) incorporates macroscopic measurements naturally, because the
Maxwell equations are invariant to change of scale (if o and € are renormalized) and examines different
physical causes for frequency dependence. In order to use a macroscopic model macroscopic electric pa-
rameters are defined by averaging the microscopic parameters over a certain volume:

Elﬁ/[(f) =< Ew()?) >y = f()?’ w)

and
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where the volume Vol at position ¥ over which the average is taken equals around 1 mm?, which is much
smaller than the typical cortical volume. Therefore, the macroscopic parameters will be dependent on the
position in the brain.

In contrast to the microscopic electric parameters, €/ and o™ are frequency dependent. In Eq. 6
impedance inequalities can generate a frequency dependence. Intuitively, it seems natural that if a medium
has low-pass filtering properties due to inhomogeneities of o and €, these filtering properties have to remain
at a more macroscopic level. This can only be accomplished if the parameters € and oV are frequency de-
pendent. Thus, even though the electric parameters of a non-homogeneous medium on a microscopic scale
are frequency independent, for the macroscopic equations to be consistent average values of the parameters
depend on frequency. While a perfectly resistive and homogeneous medium will not produce frequency
dependent € and o™, ionic diffusion, polarization and capacitive effects result in specific frequency-
dependencies. A mean-field equation describing the macroscopic extracellular potential over a certain
volume < ¢,, >|,,, is obtained with this equation:

V(oM + iwe"V < ¢, >,,)=0. ®)

This formula is similar to Eq. 6 for the microscopic situation, but here physical processes (e.g. ionic
diffusion, surface polarization, non-homogeneity) can be integrated by using the corresponding frequency
dependence of the macroscopic conductivity and permittivity.

It is important to note that the dependency of € and o™ on frequency is described by the Kramers-
Kronig relations (Kronig, 1926; Lifshitz et al., 1984; Foster and Schwan, 1995). The permittivity and
conductivity should be dependent on each other (governed by these relation) in order to simulate experi-
mental data (Gabriel et al., 1996b; Bedard et al., 2006b; Bédard and Destexhe, 2009).
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Figure 7: (A) Power spectral density of experimentally recorded LFPs from cat parietal cortex. (B) Attempted reconstruction of the
LFP power spectrum calculated from the synaptic current (convolution with unit activity). (C) Accurate simulation of the power
spectral density of the experimental data by incorporating ionic diffusion into the model. Reproduced from Bédard and Destexhe,
2009

While ECoG simulations were discussed in Section 4.3, ECoG studies typically do not include more
complex models such as the macroscopic model of Eq. 8. Power spectrum density modeling by Miller
et al. (2009) showed different power scaling compared with Bedard et al. (2006b). They explained the dif-
ference by pointing out that the frequency dependency of passive neuronal tissue (which is key in Bedard
et al., 2006b) has been contradicted (Logothetis et al., 2007), who found that the impedance is homoge-
neous, isotropic (when considering gray matter) and frequency-independent. While the different simula-
tions indeed point towards different scalings, this does not necessarily indicate an absence of tissue filtering
(Bédard and Destexhe, 2009). They might rather be explained by the use of different subjects (cat in Bédard
and Destexhe vs. human in Miller et al.), modeling formalism and parameters (e.g. electric parameters,
postsynaptic kernel parameters).
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Gabriel et al. (1996b) described the conductivities of various tissues (human and animal, mostly ovine,
some porcine) across a relevant frequency range and the extended model incorporates ionic diffusion and
electric polarization to account for the different conductivities of cortical tissue (Bédard and Destexhe,
2009). It also reconciles the apparent opposing findings of Gabriel et al. (1996b) and Logothetis et al.
(2007). The diffusion-polarization model considers a current flow which can explain the 1/ f scaling mea-
sured in LFP, ECoG and EEG. And, as mentioned earlier, the macroscopic model is invariant under scale
changes (if the electromagnetic parameters are adjusted accordingly) and therefore still holds at the larger
spatial sampling scale of the ECoG signal.

A way to find out the electric parameters at the scale of ECoG in the model might be iterating the
model and optimizing it to find the best power scale fit. To minimize the necessary computing power,
certain constraints would need to be introduced, e.g. based on conductivities (Gabriel et al., 1996b), the
Kramers-Kronig relations (Kronig, 1926) and the size and distribution of the neural population. The model
might have to be expanded to account for macroscale interactions of dipole configurations. Ultimately a
more complex forward-model describing the current flow could illuminate the composition and generation
of the ECoG signal.

The distribution of charges around a passive cell is influenced by an electric field. The cell is polarized
because the positive (extracellular) and negative (intracellular) ions are displaced along the membrane
according to the direction of the electric field. Ionic diffusion occurs to establish equilibrium after a neuron
receives synaptic input creating extracellular currents as well. Incorporating both mechanisms was shown
accurately to simulate the frequency scaling of LFPs recorded in cat parietal cortex (Bédard and Destexhe,
2009). In contrast to Lindén et al. (2010) and Bedard et al. (2006b) the low-frequencies are correctly scaled
by this model as well (Figure 7). Taking into account both polarization and ionic diffusion allows one to
simulate the conductivities recorded by Gabriel et al. (1996b). The diffusion-polarization model of Bédard
and Destexhe (2009) might explain the findings of Logothetis et al. (2007) (no frequency dependence of the
extracellular medium) because their methods limit ionic diffusion, which is key in modeling the frequency
dependency. For a recent paper on power scaling of microscopic and macroscopic recordings, Pettersen
et al. (preprint) comprehensively describe and model power spectral densities (using standard cable theory).

4.5. Contributions of action potentials to the LFP

While spikes are typically assumed to be less Y oInterneurons
prominent in the LFP, they do indeed contribute to 12} —— noPyrcells
the signal. Previously this was shown in studies in —— noSpikes
which spike trains were extracted from LFP data §10
(which logically indicates a considerable contribu- o 8
tion). Furthermore, studies were discussed show- u; 6
ing an increase in high-frequency power related to <
synchronous and frequent spiking activity. How- 4
ever, these studies did not address the signature of >
action potentials to the extracellular field directly.
Belluscio et al. (2012) removed the spiking signa- 100 200 600

ture in the visual cortex of a monkey by deconvolv- Frequency (Hz)
Figure 8: Frequency plotted against % change of power with the

ing the signal using the spike trains and the mean Lo L
& & & . P ) bold lines indicating a significant change from the unfiltered LFP.
waveform. Note that this does not remove spikes nolnterneurons is the curve where interneuron spikes are removed,

signatures from neurons farther away (which will  noPyrCells where pyramidal cell spikes are removed and noSpikes
not be recognized as single units) or spike induced is the curve with all spikes removed. Reproduced from Belluscio
. . .. etal., 2012

AHP, which were shown previously to have simi-

lar temporal scaling to synaptic processes. This way, the AHP component of a spike contributes to the
low-frequency spectrum. Nonetheless, the extent of their spike-removal is sufficient to demonstrate a small
decrease in high frequencies. With the removal of interneurons a decrease of a few percent in frequency
power is observed at high frequencies. Removing all spikes produced a much larger decrease, because the
majority of the spikes stem from pyramidal cells (Figure 8).

The high-frequency range, which to a large degree reflects action potentials, has been described pre-
viously to decrease with distance. Interestingly, it increases when membranes are tightly packed, i.e. in
densely aligned somata or axons (Belluscio et al., 2012). A modeling study in Pettersen and Einevoll (2008)
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demonstrated some of these characteristics using a single dendrite with a soma (ball-and-stick neuron) for
action potentials (previous examples used synaptic activity or white-noise to drive the field potential). From
the ball-and-stick neuron a function is extracted to describe how a membrane potential at the soma can be
rewritten as a LFP. They demonstrate different equations (one close to the soma and one for far-fields) ex-
plain a low-pass frequency filter dependent on location, with distant locations showing less high-frequency
power. Near the soma, high frequencies are enhanced, displaying a sharper extracellular than intracellular
spiking signature. Another characteristic demonstrated by the model illustrates how the cross-sectional sur-
face of the dendrites attached to the soma is positively related with the extracellular spiking amplitude. This
feature could be used in various recording methods by measuring near neuronal populations with numerous
sizable dendrites, thus optimizing the size of the spike signature. The effect of the dendritic arborization
can for instance be illustrated by comparing the amplitude of spikes in stellate and pyramidal cells. At a
distance of 60um the extracellular spiking amplitude of stellate cells is 10 mV while the spike amplitude
recorded from a pyramidal cell with an action potential of the same strength and shape was modeled to be
40 mV.

4.6. Population model

Because LFPs do not originate from field signatures of single cells, simulating LFPs generated by a
population of neurons is necessary to better understand recorded signals. Pettersen et al. (2008) created a
population from 1040 digitally reconstructed morphologies of layer-5 pyramidal neurons arranging them
stochastically in a small column, similar to sensory neocortical column. Simulating realistic LFPs required
a sparsely distributed synaptic input that was strong enough to create action potentials (40 neurons); and
the remaining neurons do receive small input (no spiking). Synaptic input was temporally shifted with a
Gaussian function. Apical dendrites predominantly needed to receive excitatory postsynaptic potentials
and basal dendrites inhibitory potentials to resemble experimental recordings. EFPs were calculated at 23
positions along a virtual multicontact electrode for 40 trials, each having a randomly computed temporal
shift and spatial configuration. The LFP along the column was virtually the same for each trial. The MUA
(high-pass filtered at 750-5000 Hz) mainly and quite accurately reflects firing neurons in the proximity
of the electrode and shows high variability when comparing across trials. This is expected regarding the
random placement and firing of the neurons. Averaging over trials demonstrates the MUA is reproducible
(smoothing out some high frequencies due to the stochastic firing patterns) and independent of its synaptic
input. The MUA attenuates quickly outside the neuronal population (radial distances > 200um), which
means the signal is reduced by factor 30 (compared with factor 5 for LFPs). In Section 4.2 results from a
comparable population model were used to explain spatial reach of the LFP (Lindén et al., 2011). Three
types of populations were modeled build from reconstructed layer-3 pyramidal cells, layer-4 stellate cells
and layer-5 pyramidal cells (each population contained of 10,000 neurons).

This approach to modeling populations may be used to simulate well understood brain areas. For
example, the projections of input and output of the layers in V1 have been extensively described (Douglas
and Martin, 1998, columnar organization of various brain areas reviewed in Mountcastle, 1997). Hagen
et al. (2013) describe a 1mm? slice of cat V1 with spike trains generated by leaky integrate-and-fire neuron
model and its related LFP calculated with multicompartmental models. The synaptic connectivity and
connections within and between layers of the slice (based on Binzegger et al., 2004) is simulated with
reconstructed neurons from layer-2 to layer-6.

Ocular dominance columns are an organizational characteristic of V1 with a diameter of ~ 500um in
primates (Hubel and Wiesel, 1969) and 730um — 1mm in humans (Adams et al., 2007). Another common
feature of V1 organization is orientation tuning, which has been widely studied since the work of Hubel
and Wiesel (1959). Because orientation columns only span about ~ 50um Berens et al. (2008) were unable
to correlate MUA to LFPs in an orientation tuning experiment. At the spatial scale of ocular dominance
columns however, MUA and LFPs y-bands were correlated fairly well. Berens et al.’s conclude that these
LFP frequencies reflect activity sampled from an area with a diameter of 500 — 800um. Note however
that, as discussed previously, synchrony is essential for explaining spatial spread, which means the visual
stimulation and connectivity in the columns is related to this distance. A study simultaneously measuring
epidural ECoG and intracortical activity demonstrated a correlation between ECoG and spikes for a mea-
sure of ocular dominance (Toda et al., 2011). Distinguishing between the ocular dominance columns with
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epicortical measurements would require high spatial resolution at submillimeter scale, e.g. with micro-
ECoG (Viventi et al., 2010; Thongpang et al., 2011). With ECoG electrodes aligned perpendicularly to the
dipoles generated by the populations in ocular dominance columns, neighboring columns will contribute
relatively little to the signal. At large distances from the dipole, the EFP decays as 1/7° when moving
orthogonally from the dipole (compared with 1/r> when moving along a constant angle), indicating the
possibility of decoupling the ECoG signals from separate ocular dominance columns to some degree. Cre-
ating a population model of two adjacent ocular dominance columns might elucidate which exact scale and
input patterns are necessary to optimally differentiate between the columns.

5. Conclusions and future directions

All transmembrane currents give rise to an extracellular voltage which is highly influenced by the mor-
phology of neurons, the cytoarchitecture and the synchrony in the neural networks. A recent surge in
interest in the low-frequency spectrum of the extracellular potential, the LFP, is reflected by the increase
in analytical methods which show how the LFP provides information that complements the information
conveyed by spike trains. Disambiguating the aggregate of contributors to the LFP remains challenging
however. One reason concerns the difficulties in constructing an experimental design where different elec-
trophysiological recording techniques or stimuli can be effectively decoupled, since they typically show
some degree of interdependency. Furthermore, the traditional approach of distinguishing between fre-
quency bands based on differences of their power is insufficient in several aspects. Global properties of the
spectrum (Lisman, 2005), correlations between frequencies (Canolty et al., 2006) or properties independent
from power are usually not addressed. A promising way to tackle these issues and efficiently decompose
the signal may be by using machine learning and pattern recognition algorithms (Rasch et al., 2008; Liutkus
etal., 2011).

A useful approach to differentiate between the neuronal contributions to the LFP, and thus to a better
understanding of what information is conveyed by the signal is that using modeling schemes. Numerical
modeling can provide quantitative descriptions of the generation of the LFP while incorporating the connec-
tivity, architecture and biophysical mechanisms in a particular region of the brain. Computing the LFP us-
ing morphologically accurate reconstructed cells is a rather recent development (Holt and Koch, 1999), but
with the increase in computer power, availability of reconstructed neurons (http://NeuroMorpho.0Org)
and the development of software such as NEURON (Carnevale and Hines, 2006), studies using forward-
modeling schemes are increasing. Simulating cortical columns or large tissue volumes has been used to
describe the propagation of LFPs and spikes. This is essential to develop accurate micro-circuitry that can
describe experimental data. Validating models with experimental data with appropriate fitting techniques is
essential to obtain the best model (Holmes et al., 2006; Friston et al., 2002). Reconstructing the functional
organization of various cortical structures may be used to predict limitations and possibilities of recording
methods with different spatial and temporal resolutions. Stimuli could be chosen based on these modeling
studies taking into account the synchrony they would evoke, thus creating optimally decoding conditions.
For example, to measure very small columns a large evoked potential would cause the signal to spread too
wide to distinguish the columns and stimuli eliciting a specific amount of synchrony should be used.

Many non-synaptic processes have been suggested to contribute to the LFP, but most biophysical mod-
els currently do not incorporate these mechanisms. While ephaptic effects have been introduced in a mod-
eling study by describing the polarization of passive cells (Bédard and Destexhe, 2009), contributions such
as spike afterhyperpolarizations (Buzséki et al., 1988), glial interactions (Petsche et al., 1984; He et al.,
2008) and Ca* spikes (Helmchen et al., 1999) remain to be incorporated. However, before this is possible
a more complete view on biological mechanisms of these processes is necessary.

Due to the complexity and interdependency of the neuronal processes, a promising approach is com-
bining methods with different spatiotemporal accuracy. This multimodal approach involves understanding
the measurement physics of the methodologies: characterizing the link between experimental measure and
neuronal dynamics to make optimum use of the simultaneously measured recordings. For example, a better
understanding of the numerous types of electrodes and the implications of their electric parameters would
be needed for effective multimodal recordings (Nelson et al., 2008). The relation between action potentials
and synaptic activity is particularly interesting because unit activity at one location will cause synaptic
activity at a different site. One measurement of this relationship can be acquired with spike-triggered LFP
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averages, which describe the interaction between LFPs and spikes at different recording positions in the
neuronal circuitry (Nauhaus et al., 2008; Okun et al., 2010). This line of research is still in a preliminary
stage and seems worth exploring further.

Measuring ECoG and spikes simultaneously would allow the use of the simple forward-model used in
Miller et al. (convolution of Poisson distributed spikes with a postsynaptic curve kernel). By using this
multimodal approach experimental spike trains can be used to feed the model, instead of 6000 presynaptic
inputs received by a single simulated neuron. A convolution of the intracortically measured spikes with the
postsynaptic kernel might simulate the epicortically recorded ECoG signal. Spiking recorded just below
the cortical surface would be expected to simulate the ECoG signal reasonably accurate, but with larger
distance this resemblance would decay (Watanabe et al., 2012). Another extension on the methods in
(Miller et al., 2009) could be an optimization of the parameters of the shape of the postsynaptic current
(rise and decay) to compute the best shape of the kernel. The kernel shape might be dependent on the
position of the electrode recording spikes, growing smoother and smaller as the distance increases.

A study measuring LFPs, spikes and ECoG simultaneously in the primary motor cortex of a rat yielded
interesting results (Yazdan-Shahmorad et al., 2013). They demonstrated a correlation between high-y
power density of ECoG and unit firing in layers 5 and 6 after electrical stimulation, while the same fre-
quency power of the LFPs correlated with the units in all layers. These types of multimodal findings will
assist in working out the connectivity and input distribution necessary for describing experimental data
with reconstructed columns in the motor cortex.

Studying the relation between the LFP and network dynamics with neural mass models is yet another
important approach to understanding LFP oscillations and spike-LFP interaction (Deco et al., 2008). This
kind of population model describes the network activity based on a single dynamical variable. Combin-
ing the contributions of these variables in a population with LFP analyses or forward-modeling schemes
could elucidate the relative contributions to the recorded potential. Ultimately, future progress requires
combining, developing and expanding analyses and modeling schemes to understand the superposition of
the multiple neural population signals that give rise to the extracellular potential.
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