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Bartosz Teleńczuk, Unité de Neurosciences, Information et Complexité,
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Abstract1

Action potentials (APs) are electric phenomena that are recorded both intra-2

cellularly and extracellularly. APs are usually initiated in the short segment3

of the axon called the axon initial segment (AIS). It was recently proposed4

that at onset of an AP the soma and the AIS form a dipole. We study the5

extracellular signature (the extracellular action potential, EAP) generated6

by such a dipole. First, we demonstrate the formation of the dipole and its7

extracellular signature in detailed morphological models of a reconstructed8

pyramidal neuron. Then, we study the EAP waveform and its spatial de-9

pendence in models with axonal AP initiation and contrast it with the EAP10

obtained in models with somatic AP initiation. We show that in the models11

with axonal AP initiation the dipole forms between somatodendritic compart-12

ments and the AIS, and not between soma and dendrites as in the classical13

models. Soma-dendrites dipole is present only in models with somatic AP14

initiation. Our study has consequences for interpreting extracellular record-15

ings of single-neuron activity and determining electrophysiological neuron16

types, but also for better understanding the origins of the high-frequency17

macroscopic electric fields recorded in the brain.18

New & Noteworthy19

We studied the consequences of the action potential (AP) initiation site on20

the extracellular signatures of APs. We show that: (1) at the time of AP21
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initiation the action initial segment (AIS) forms a dipole with the soma,22

(2) the width but not (3) amplitude of the extracellular AP generated by23

this dipole increases with the soma-AIS distance. This may help to monitor24

dynamic changes in the AIS position in experimental in vivo recordings.25

Introduction26

Action potentials (APs) are the main output of neuronal computation arising27

due to neuronal membrane excitability. The most direct method to detect28

APs is by intracellular recordings for which a glass pipette is inserted into the29

soma. However, the sample size of neurons recorded with this technique is30

limited. Another method of AP detection uses extracellular electrodes whose31

densities can be greatly increased thanks to the silicon technology opening32

the possibility of massive recordings from large samples of neurons (Jun et al.,33

2017; Stevenson and Kording, 2011). The drawback of this method is that34

the discrimination of separate neurons and their types based on extracellular35

recordings is not trivial (Barthó et al., 2004) and requires a detailed model36

of how the extracellular signature of the APs is generated.37

APs also contribute to the local field potentials (LFP) and electroen-38

cephalograms (EEG) recorded far from the neuronal source. In particular,39

the high-frequency components of these signals can relate to the firing rates40

of large population of neurons (Reimann et al., 2013). These high-frequency41

local field potentials are also known to be sensitive to the neuronal responses42
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at single-neuron and single-trial level (Telenczuk et al., 2015). Therefore,43

APs can be as important as the passive dendritic and synaptic currents for44

understanding the LFP or EEG and in particular their high-frequency com-45

ponents.46

The extracellular signature of APs has been a topic of computational47

studies (Bédard et al., 2004; Gold et al., 2006; Milstein and Koch, 2008).48

These studies emphasize the role of passive currents and dendritic compart-49

ments in the generation of the action potentials. However, in most of those50

models APs were initiated in the soma. It is now well established that the51

AP often initiates in the axon initial segment (AIS) (Stuart et al., 1997a;52

Stuart et al., 1997b), which gives a characteristic kink at the AP onset when53

recorded somatically (Naundorf et al., 2007). This kink can be explained by54

the “critical resistive coupling model”, according to which the AP is initiated55

through the strong resistive coupling between a small AIS and a large soma56

(Brette, 2013; Telenczuk et al., 2017). In this mechanism of AP initiation,57

AIS and soma form effectively a current dipole.58

We studied the contribution of the soma-AIS dipole to the extracellular59

field and its effect on the shape and amplitude of the extracellular action60

potential (EAP). In particular, we studied the EAP from realistic model61

neurons with AIS-based initiation and compare it with models for which62

the sodium channel density was modified to initiate the AP somatically.63

By means of computational modelling, we show that the AIS contributes64

significantly to the EAP. Although, the localization and length of the AIS65
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have only a minor effect on the appearance of the AP recorded intracellularly66

from the soma, the presence of AIS has a large impact on the shape of the67

EAP.68

We believe that these findings improve our understanding of the close-69

field and far-field contribution of the AP to the electric fields in the brain.70

It will also help to interpret recordings of various signals ranging from the71

EAP, through LFP to EEG.72

Materials and Methods73

Detailed morphology model74

We used a detailed morphology model (physiological Nav model) of the rat75

neocortex, layer 5 pyramidal neuron described in Hallermann et al. (2012),76

whose morphology and ion channels are modelled such as to give good fit77

to the experimental data. Most importantly, in this model action potentials78

initiate in the axon initial segment as is the case in real neurons. The details79

of the model can be found in (Hallermann et al., 2012).80

The kinetics of the sodium channels were matched to experimental data81

recorded from the soma (putative Nav1.2 channel). Another sodium channel82

(putative Nav1.6 channel) was introduced in the axon, of which activation83

curve was shifted by 2 mV towards more negative potential to account for84

the lower threshold of AP initiation in the AIS.85

The density of the sodium channels in the soma was 500 pSµm−2 while in86

4
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the AIS it varied between 1452 and 8392 pSµm−2 (Fig. 2C physiological Nav87

model). To compare the results of the original model to the neuron where the88

action potential initiates in the soma, we reduced the density of the sodium89

channels in the AIS just below that in the soma to 480 pSµm−2 throughout90

the length of the initial segment of the axon (70 µm, Fig. 2C, reduced91

Nav model). The density of the sodium channels in the soma remained the92

same as in the original model (500 pSµm−2). This was enough for an action93

potential to initiate in the soma. We note that there are less sodium channels94

in the altered model leading to lower current flow, therefore comparison of the95

absolute amplitudes of the extracellular potential is not possible. Therefore,96

where necessary, we normalized the potentials to the highest absolute value97

of the potential (Fig. 5 and 6).98

To trigger the action potential we injected current to the soma. To remove99

signal associated with the current injection we removed all the active channels100

from the model and stimulated it in the same way. We then subtracted the101

results of the passive model from the results of each of the active models.102

In the detailed morphology model, in all the calculations, the soma is rep-103

resented as a cylinder. However, in the figures we represent it as a triangular104

shape for easier visualisation of the morphology of the cell.105

Soma-axon model106

We used a simple neuron consisting of a soma (20 x 30 µm, 6 segments)107

and an axon (1 x 50 µm, 10 segments), adapted from (Yu et al., 2008).108

5
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Figure 8A shows the sample schematics of the shape of the neuron. The109

simulation was controlled from Python using the Neuron-Python interface110

(Hines et al., 2009).111

Linear Source Approximation112

To estimate the extracellular potential, we used the Linear Source Approxi-113

mation (LSA) method, which calculates the summed potential generated by114

currents originating from line sources with known sizes and positions. This115

method is known to be more precise than approximating the currents by116

point sink and sources (Holt, 1997; Wilson and Bower, 1992). We then ap-117

plied the LSA estimation to cylinders obtained from the segmentation by118

Neuron simulator (Hines and Carnevale, 1997). The field was calculated us-119

ing the LSA implementation of NeuronEAP Python library (Telenczuk and120

Telenczuk, 2016). In all calculations we used an extracellular conductivity of121

0.3 Sm−1 (Nunez and Srinivasan, 2006).122

In Figure 8 we removed the baseline from the extracellular potential by123

calculating an average potential in a window of 2 to 1 ms before the peak of124

the action potential.125
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Results126

AP is initiated in the AIS and gives a characteristic “kink” to the127

somatic potential128

To determine the contribution of an AP to the electric field recorded around129

the neuron, we performed simulations of a detailed reconstruction of a thick-130

tufted pyramidal neuron (neocortex, layer 5, rat, Fig. 1). The morphology131

reflected real reconstructed neurons with all neuronal compartments includ-132

ing an axon and dendrites. The densities and the kinetics of sodium (Na)133

and potassium (K) channels in soma and axon were constrained by the ex-134

perimental data. In particular, two different types of sodium channels were135

introduced (referred to as Nav1.2 and Nav1.6, see Methods) with different136

voltage activation threshold and different distribution of the channel density137

across the axosomatic axis (Fig. 2, left). Overall, this model has been found138

to match well the properties of AP initiation in cortical neurons (Hallermann139

et al., 2012; Telenczuk et al., 2017).140

Importantly, in this model the action potential initiates distally from the141

soma, in the axon initial segment (AIS), and later triggers a somatic AP142

which is in agreement with physiological recordings (Stuart et al., 1997a).143

This mechanism of AP initiation gives a characteristic “kink” at the onset of144

the somatic AP (Fig. 3A). This is consistent with resistive coupling between145

the AIS and soma (Telenczuk et al., 2017). The resistive coupling model146

predicts that the soma and AIS form a dipole at AP initiation, which should147
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be observed in the extracellular electric field.148

AIS generates positive peak at the onset of the EAP149

We first characterised the waveform of the extracellular action potential150

(EAP). Previous models displaying somatic AP initiation have indicated that151

mainly sodium currents in the soma and dendrites might contribute to the152

initial phases of the EAP, whereas later phases are shaped by the repolari-153

sation mediated by potassium currents in these compartments (Gold et al.,154

2006). In contrast, in these models axon, distal dendrites and the capacitive155

current contribute little to the EAP.156

We re-evaluated the contribution of the AP to the extracellular potential157

in the more realistic model with AIS-initiated AP. First, we calculated and158

plotted the EAP recorded in the perisomatic area covering soma, proximal159

dendrites and the AIS in the physiological Nav model (Fig. 4). Consistently160

with previous results (Gold et al., 2006), we found a large and sharp nega-161

tive peak, due to sodium inflow, followed by a broad positive peak, due to162

potassium-based repolarisation of the soma and dendrites. Interestingly, in163

some electrodes (around and above soma) these peaks were preceded by a164

sharp positive deflection reflecting strong axial currents flowing between AIS165

and soma at the onset of the AP.166

To confirm that this initial positive peak is related to the resistive coupling167

between soma and AIS forming a dipole, we lowered the densities of sodium168

channels in the AIS (Fig. 2, right). As expected, this modification led to169
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the somatic initiation of the AP, which appears simultaneously at soma and170

AIS (these two compartments being almost isopotential), and longer AP171

latency due to higher threshold (Fig. 3). The EAP waveforms obtained in172

this modified model lack the initial positivity consistently with the results of173

Gold et al. (2006). We emphasise though that such a model is inconsistent174

with the experimental observations of AP initiation, which support axonal175

(AIS) rather than somatic initiation of APs.176

The AIS enhances the EAP amplitude at broad spatial ranges177

The peak-to-peak amplitude decays with the distance from the neuron (Fig. 5).178

It is highest around soma and AIS, where the largest inflow of sodium and179

outflow of potassium during the AP takes place. Lowering sodium channel180

density such that AP initiates somatically attenuates the peak-to-peak ampli-181

tude of the EAP, which is expected from the decrease of the total membrane182

current in the low-sodium model (not shown). Importantly, the reduction of183

EAP amplitude was most pronounced in the axonal region, especially in the184

proximity of the axon segment previously acting as the AIS (Fig. 6).185

Next, we plotted the peak-to-peak amplitude of the EAP across four lines186

perpendicular to the somatodendritic axis (Fig. 5). Close to the neuron the187

profile of the EAP amplitude was non-monotonic due to the complex mor-188

phology of the neuron but it monotonically decreased with distance further189

away from the source. Again, due to the larger total membrane current190

the EAP amplitude is greater in standard sodium models compared to the191

9
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low-sodium modification across all distances.192

AIS contribution to EAP can be approximated by a soma-AIS193

dipole194

In the physiological Nav model, at the moment of AP initiation the axial195

current and the extracellular currents form a current loop. This current loop196

produces extracellular potential with dipolar configuration, i.e. negative po-197

tential around AIS (sink) and positive potential around soma and proximal198

dendrites (source, Fig. 7B). This relation is reversed during the repolarisa-199

tion phase of the AP during which the polarities of AIS and somatodendritic200

compartments are reversed (Fig. 7C). Such a configuration of sinks and201

sources will be referred to as soma-AIS dipole. In the model with somatic202

AP initiation (reduced Nav model), the soma and AIS are almost isopoten-203

tial so no current flows between them. In this case the soma-AIS dipole is204

not formed, but it is replaced by the source in the soma (or sink after the205

inversion) and the sink in proximal dendritic tree (soma-dendrites dipole)206

The electric field obtained from the detailed morphological models con-207

tain a mixture of contributions from passive dendritic compartments and208

active axonal/somatic compartments giving rise to a complex configuration209

of current sinks and sources. To isolate the effects of the soma-AIS dipole and210

its contribution to the far-field potential, we decided to further corroborate211

the consequences of the “critical resistive coupling” with a simplified electric212

dipole model. We reduced the model to a cylindrical soma and an axon. All213

10

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted February 8, 2018. ; https://doi.org/10.1101/243808doi: bioRxiv preprint 

https://doi.org/10.1101/243808
http://creativecommons.org/licenses/by/4.0/


Nav and K channels were placed in the AIS modelled as a 5-µm-long segment214

of the axon located 45 µm distally from the soma. We have shown previously215

(Telenczuk et al., 2017) that this model approximates well the dipolar field216

also observed in the detailed morphological model described above (Fig. 7).217

We calculated the extracellular potential generated by this model neuron218

along a line that extended from the soma-AIS axis (Fig. 8A). The amplitude219

of the EAP decayed monotonically with the distance from the soma (Fig.220

8B). We repeated the calculation for three different distances of AIS from221

the soma (0, 20 and 45 µm), in all cases we saw similar decay with the222

recording distance; the absolute amplitudes of EAP depended only slightly223

on the AIS position (color lines in Fig. 8B). To determine the law of EAP224

amplitude decay, we fitted a linear function in double logarithmic scale (i.e.225

both the amplitude and recording distance, r, were log-transformed). The226

slope of this function provided the estimate of the power law scaling (k in227

rk relation). We found that the EAP amplitude decayed with the inverse228

square of the distance from the soma (k ≈ −2, Fig. 8C). This inverse-square229

law is theoretically predicted by a dipole, when the distance to the dipole is230

much greater that the separation between the current source and sink (far-231

field approximation, Fig. 9) (Griffiths, 1999; Nunez and Cutillo, 1995). Note232

also that the profile of the potential obtained in detailed morphology models233

did not agree with this prediction. As discussed above the potential in these234

models changes non-monotonically with the distance from soma (Fig. 5B),235

likely due to the contribution of dendritic compartments dominating EAP at236
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low frequencies.237

EAP amplitude weakly depends on the distance of AIS from soma238

We next investigated whether the AIS position can influence the amplitude239

of the EAP. The amplitude of the far-field dipole potential measured at fixed240

position depends on the product between the dipole current (I, axial current241

between soma and AIS) and separation between the poles (d, the distance242

from soma to the AIS; Fig. 9). Therefore, increasing the distance of the243

AIS from soma might increase the amplitude of the EAP, but numerical244

simulations of the simplified soma/AIS model showed only weak dependence245

of the EAP amplitude on the AIS position (Fig. 8).246

To explain this finding, we investigated the effect of the AIS position247

on the axial current generated during the action potential. We found that248

the amplitude of the axial current decreased with the inverse of the distance249

between the AIS and the soma, l (Fig. 10A). Indeed, we found that it was250

possible to fit a straight line of slope a = −1 through the points representing251

the logarithm of the maximum axial current versus the logarithm of the soma-252

AIS distance (Fig. 10B). This linear relation confirms that the amplitude253

of the axial current is inversely proportional to the distance between the254

soma and the AIS, Iaxial ∼ 1/l. Such a relationship is also predicted by the255

resistive coupling hypothesis (Hamada et al., 2016). This drop of current256

magnitude compensates for the increase between the sink and source of the257

dipole (soma and AIS). Since the product of current intensity, I, and the258
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dipole dimension, d, remains constant, the EAP amplitude does not depend259

on the AIS position.260

EAP broadens with AIS distance from soma261

To study the effect of the AIS position on the EAP width, we calculated262

the extracellular potential generated by models with the AIS placed at ten263

different positions from the end of the soma, up to 45 µm distally. We264

observed that the EAPs become gradually wider with increasing distance265

between the soma and the AIS (Fig. 11B), while the shapes of intracellu-266

lar waveforms remain similar (Fig. 11A, insets). The functional form of267

this dependence changes only slightly with the location of the recording268

site (Fig. 11B, dashed vs. solid line).269

Discussion270

Using detailed morphological models of reconstructed neurons and simplified271

soma-axon models we have shown that extracellular action potentials can be272

reconstructed from the current dipole formed by the soma and AIS at their273

initiation. We also show that the EAP shape depends on the position of the274

recording electrode with respect to the neuron promoting the extracellular275

contribution of different compartments of the neuron. In addition, while the276

width of the EAPs varies with the distance between the soma and the AIS,277

their amplitudes remain relatively constant.278
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The contribution of the AP to the extracellular field is shaped by the279

structure of the dendritic tree and the site of AP initiation. A large body280

of experimental data support the more distal initiation in the axon initial281

segment (Palmer and Stuart, 2006), but the impact of axonal initiation on282

the EAP had not been examined before. Using simplified models we showed283

that in the initial phase of the AP, the soma and AIS form a current dipole,284

whose contribution to the electric field decays inversely with the square of285

the distance from the dipole. At large distances (far-field approximation)286

the dipole contribution to the extracellular field does not depend on the287

separation between the AIS and the soma. In contrast, the width of the EAP288

increases with the soma/AIS separation. This soma-AIS dipole is different289

from the soma-dendrites dipole known from standard models (Gold et al.,290

2006). In fact, we showed that reducing the density of sodium channels in the291

AIS shifts AP initiation to the soma and as a consequence the extracellular292

potential is dominated by the soma-dendrites contribution.293

Our results provide an important insight into the understanding of EAPs.294

It is known that the shape and the amplitude of the extracellular action po-295

tentials vary depending on the location of the recordings (Gold et al., 2006).296

Also, different types of neurons display extracellular action potentials of dif-297

ferent width, such as excitatory cells, which tend to have broader extracellu-298

lar action potentials when compared with interneurons (Barthó et al., 2004;299

McCormick et al., 1985), although there are exceptions (Vigneswaran et al.,300

2011). To separate action potentials of multiple neurons recorded extracel-301
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lularly, it is common to use the waveform features of an extracellular action302

potential, such as the half-widths of the positive and negative peaks, the303

interval between them and the difference of their amplitudes (Lewicki, 1998;304

Einevoll et al., 2012). In addition, these and other waveform features some-305

times allow the identification of neurons of different types (Peyrache et al.,306

2012; Dehghani et al., 2016). However, the significance of such features and307

their biophysical underpinnings are not completely understood. Numerical308

simulations of the extracellular field around reconstructed morphology of309

CA1 pyramidal neurons showed that the width of the extracellular action310

potential increases proportionally with the distance between the soma and311

the recording electrode (Gold et al., 2006). In addition, in this study the312

shape and amplitude of the extracellular potential was strongly affected by313

the channel densities in the dendrites and in the axon initial segment. In our314

work we show that the extracellular features of action potentials depend also315

on the exact location of their initiation site.316

Finally, our results show that it should be possible, and of great interest,317

to follow experimentally the dynamic change of the AIS position by means318

of extracellular recordings. The length and distance of AIS from soma vary319

between neurons of same and different types (Fried et al., 2009; Kuba et al.,320

2006). Furthermore, the AIS is plastic and its length and position can change321

as a result of elevated activity which could occur due to plastic changes in322

a time scale of hours (Evans et al., 2015) to days (Grubb and Burrone,323

2010; Evans et al., 2013; Muir and Kittler, 2014). This also happens as a324
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consequence of a disease such as a stroke (Hinman et al., 2013; Schafer et al.,325

2009). Therefore, we expect that the shape of the EAP will vary according to326

the position of the AIS, such that long-term recordings from the same neuron327

could show gradual increase of the AP width. Since, the plasticity of AIS328

was never studied in vivo from intact neurons, this may open new methods329

of visualising such dynamic changes and investigating their functional role.330

Our results are consistent with the large variability of EAP waveforms331

recorded in vivo (Fee et al., 1996; Harris et al., 2000). It is known that the332

waveshapes of the EAP depend on the position of the electrode, the mor-333

phology of the neuron and the densities of ion channels (Gold et al., 2007;334

Henze et al., 2000; Barthó et al., 2004; Pettersen and Einevoll, 2008). In335

particular, the presence of positive initial peak, as observed in our model,336

has been recognised in some studies (Palmer and Stuart, 2006). To further337

test our model experimentally, one could record the extracellular potential338

in vitro at multiple sites using multi-shank electrodes co-registered with the339

position of the soma and AIS. The AIS can be localised using fluorescent340

sodium channel markers (such as CoroNa) or immunostaining (for example,341

anykrin G is specific to AIS and nodes of Ranvier) (Zhou et al., 1998). This342

setup might allow for testing two new predictions of the model: 1) the pres-343

ence of positive peak at the beginning of the EAP in the vicinity of soma-AIS344

region; 2) the width of the EAP as a function of the position of the AIS. In345

the latter case, we would need to visualise the change of AIS position dynam-346

ically probably over the course of many hours or days (Grubb et al., 2011).347
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Such recordings are technically challenging, but are possible using present348

technology (Grubb and Burrone, 2010).349

At the population level, the contribution of neurons to the local field po-350

tential (LFP) depends critically on the presence of voltage-dependent chan-351

nels and neuronal morphology. For example, during the up state the LFP352

contains larger contributions from the active potassium and sodium currents353

than from synaptic currents (Reimann et al., 2013); similarly active conduc-354

tances in the dendrites were shown to have major impact on the spectrum of355

the field potential (Ness et al., 2016). The structure of the dendritic tree has356

also been implicated in the generation of LFP signals (Lindén et al., 2010).357

Results in the present work suggest that the biophysics of the axon and the358

site of the action potential initiation may be additional factors determining359

the amplitude and the spectrum of the extracellular potential. The effects of360

the AIS position on LFP generated from a network of multi-compartmental361

model neurons is an interesting outlook of the present work.362
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Figure 1: Morphology of the full compartmental model. Left: zoom into the

AIS

26

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted February 8, 2018. ; https://doi.org/10.1101/243808doi: bioRxiv preprint 

https://doi.org/10.1101/243808
http://creativecommons.org/licenses/by/4.0/


0

>2000

100 µm
100 µm

ch
a
n

n
e
l 
d
e
n
si

ty
(p

S
µ

m
-2

)

channel density
(pSµm-2)

0

4000

8000

distance from the soma (µm)

400

800

distance from the soma (µm)

0
0 700 70 

20 µm

20 µm

100 µm
100 µm

20 µm

20 µm

A

B

C

physiological Nav reduced Nav

g Nav

g Nav1.2

g Nav1.6

27

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted February 8, 2018. ; https://doi.org/10.1101/243808doi: bioRxiv preprint 

https://doi.org/10.1101/243808
http://creativecommons.org/licenses/by/4.0/


Figure 2 (previous page): Sodium distribution within the neuron. Color scale

shows the channel conductance per membrane area. Left : Physiological Nav

model, Right : Reduced Nav model. A: Full morphology. B : Zoom in into

the soma and the initial segments of the axon. C : Concentrations of two

different types of sodium channels (Nav1.2 and Nav1.6) in the AIS (at 0 µm

AIS is attached to the soma, 69.90 µm is its far end). Note that in both

models, the density of Nav1.2 channels in the soma is 500 pSµm−2 while

there are no Nav1.6 channels.

28

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted February 8, 2018. ; https://doi.org/10.1101/243808doi: bioRxiv preprint 

https://doi.org/10.1101/243808
http://creativecommons.org/licenses/by/4.0/


A

B

42.5 43.5 44.5 45.5
100

80

60

40

20

0

20

40

time (ms)
80 40 0 40

200

0

200

400

600

800

1000

43.5 44.5 45.5 46.5
100

80

60

40

20

0

20

40

time (ms)

200

0

200

400

600

800

1000

80 40 0 40

physiological Nav

reduced Nav

voltage (mV)

voltage (mV)

v
o
lt

a
g

e
 (

m
V

)
v
o
lt

a
g

e
 (

m
V

)

d
V

/d
t 

(m
V

/m
s)

axon
soma

d
V

/d
t 

(m
V

/m
s)

29

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted February 8, 2018. ; https://doi.org/10.1101/243808doi: bioRxiv preprint 

https://doi.org/10.1101/243808
http://creativecommons.org/licenses/by/4.0/


Figure 3 (previous page): Action potentials in two different locations: soma

(orange) and AIS (blue). The AP is shown both in time domain (left) and in

a phase-plot (right). A: Physiological Nav model. B : Reduced Nav model.
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Figure 4 (previous page): Extracellular potential (right) measured at different

locations (white dots within the black rectangle, left) for the physiological

Nav model (red) and reduced Nav model (green). Scale bars (pink) of 2

µV (A) and 20 µV (B) are shown for each panel separately. The y–scale is

adjusted in each panel separately for better visualisation of the EAPs. A,

Full morphology and B, Zoom in to the soma and initial part of the axon.

The distal end of the AIS is marked with a red circle (A-B).
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Figure 5 (previous page): Maximum peak-to-peak amplitude of the EAP

calculated in the different places of the field. A: Full morphology imposed

on the maximum EAP amplitude (heatmap, colorbar on the right) in the

physiological Nav model (left) and reduced Nav model (right). The highest-

amplitude EAPs are obtained in the somatic region of the neuron (dark red

color in heat map, see also Figure 6 for a zoom-in). Dotted lines show the

axes along which sub-panels (a)-(e) of (B) are calculated. Soma is centered at

the position (0 µm, 0 µm). B : Maximum peak-to-peak potential normalized

to the largest value of the potential for each model separately. The potential

is given in the logarithmic scale. (a) Signal recorded in the vertical axis

passing through the soma, (b) signal recorded in the horizontal axis passing

200 µm above the soma, (c) signal recorded in the horizontal axis passing

through the soma, (d) signal recorded in the horizontal axis passing through

the AIS, (e) signal recorded in the horizontal axis passing through 200 µm

below the soma.
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Figure 6 (previous page): Comparison of EAP amplitude in physiological and

reduced Nav models. A: Zoom in to the maximum peak-to-peak amplitude

of the EAP (shown as heatmap, colorbar is on the right-hand side) gener-

ated by the physiological Nav model (left) and reduced Nav model (right).

The amplitude around AIS (red circles – distal end) is higher in the model

with axonal initiation (physiological Nav model). B -C : Difference between

normalized peak-to-peak amplitudes (heatmap, colobar on the right) of the

EAP obtained from physiological and reduced Nav models: the zoomed in

view (B) and full morphology (C).
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Figure 7 (previous page): EAP at different time points in the physiological

Nav model (left) and reduced Nav model (right). A, Intracellular APs in

the soma (orange) and in the end of the AIS (blue). Dotted vertical lines

show at which time points B-D are recorded. B–D, Extracellular potential

(colormap, see the colorbar on the right, red is positive and blue is negative)

and electrical current (arrows) at different times of APs plotted for around

whole morphology (left) and around the soma-AIS region (right). Recordings

were made at: 0.15 ms before the peak of the AP in the AIS (B), at the peak

of the AP in the AIS (C), 0.4 ms after the peak of the AP in the AIS

(D). In the physiological Nav model the AP initiates in the AIS (red circles)

giving rise to a dipolar potential (AIS-negative, soma-positive; C, left), which

later reverses in polarity (AIS-positive, soma-negative; D, left). In contrast,

reduced Nav model produces a large dipole that encompasses the axon, soma

and proximal dendrites (soma-dendrites dipole).
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Figure 8
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Figure 8 (previous page): Extracellular potential calculated from the soma-

axon model with the AIS at three different positions: 0 µm from the soma

(blue), 20 µm from the soma (green) and 45 µm from the soma (orange). A:

Each dot represents the location of the measurement horizontally from the

soma. Schematics shows the cell body (left) and the axon (grey) with the

AIS at different locations (color-coded). B : Logarithmic plot of the peak-to-

valley amplitude of the extracellular potential vs the distance of the recording

site from the soma. Color lines correspond to different positions of the AIS

(see color code in A). C : The decay of far-field potential with distance is

well approximated with a power law, rk. The exponent, k, estimated from

the slope of linear fit to the log-transformed potential and distance is close

to -2 (the value of k estimated for each model is given in the legend).
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Figure 9: Dipole model consisting of a current sink (red) and a current

source (blue) seperated by d. Point of measurement represents a possible

recording location where extracellular potential Vext is recorded. For the far-

field approximation to hold the distance from the dipole r should be much

larger than the distance between the sink and source (d). See text for more

detail. I is current intensity, σ is extracellular medium conductivity, and θ

is the angle measured from the dipole axis.
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Figure 10: Dependence of axial current amplitude on the distance between

the soma and the AIS in the soma-axon model. A: Axial current passing

from the axon to the soma during the action potential, aligned to the peak

of somatic AP (which is at 0.5 ms). B : The maximum of axial current vs the

distance of the AIS end proximal to the soma in double-logarithmic scale.

Red line shows the fitted function Iaxial = (70 nA · µm)/l (which is a linear

function in double-logarithmic scale).
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Figure 11: Width of the extracellular AP as a function of the soma–AIS

separation. A: Schematic representation of the soma-axon model (bottom)

and their relation to the recording points (dots above soma). The AIS posi-

tion was systematically varied from 0 (directly attached to the soma) to 45

µm. Insets: Waveforms of action potentials recorded intracellularly in the

AIS (top inset) and the soma (bottom). The waveforms are normalized to

the peak of somatic potential. B : Action potential width measured at half

amplitude as a function of the AIS position for two different recording loca-

tions (close: 30 µm from soma, far: 100 µm from soma). Inset: Examples of

extracellular AP waveshapes for 3 different locations of AIS (recorded 40 µm

above the soma).
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