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h-type membrane current shapes the local field 40 

potential (LFP) from populations of pyramidal neurons 41 

Abstract 42 

In cortex the local field potential (LFP) is thought to mainly stem from correlated synaptic input to 43 
populations of geometrically aligned neurons. Computer models of single cortical pyramidal neurons 44 
showed that subthreshold voltage-dependent membrane conductances can also shape the LFP 45 
signal, in particular the h-type current, Ih. This ion-channel is prominent in various types of pyramidal 46 
neurons, typically showing an increasing density gradient along the apical dendrites. Here, we 47 
investigate how Ih affects the LFP generated by a model of a population of cortical pyramidal 48 
neurons. We find that the LFP from populations of neurons that receive uncorrelated synaptic input 49 
can be well predicted by the LFP from single neurons. In this case, when input impinges on the distal 50 
dendrites where most h-type channels are located, a strong resonance in the LFP was measured 51 
near the soma, whereas the opposite configuration does not reveal an Ih-contribution to the LFP. 52 
Introducing correlations in the synaptic inputs to the pyramidal cells strongly amplifies the LFP, while 53 
maintaining the differential effects of Ih for distal dendritic versus perisomatic input. Previous 54 
theoretical work showed that input correlations do not amplify LFP power when neurons receive 55 
synaptic input uniformly across the cell. We find that this crucially depends on the membrane 56 
conductance distribution: asymmetric distribution of Ih results in a strong amplification of the LFP 57 
when synaptic inputs to the cell population are correlated. In conclusion we find that the h-type 58 
current is particularly suited to shape the LFP signal in cortical populations. 59 
 60 

Significance statement 61 

The local field potential (LFP), the low frequency part of extracellular potentials recorded in neural 62 
tissue, is often used for probing neural circuit activity. While the cortical LFP is thought to mainly 63 
reflect synaptic inputs onto pyramidal neurons, little is known about the role of subthreshold active 64 
conductances in shaping the LFP. By means of biophysical modelling we obtain a comprehensive, 65 
qualitative understanding of how LFPs generated by populations of cortical pyramidal neurons 66 
depend on active subthreshold currents, and identify the key importance of the h-type channel. Our 67 
results show that LFPs can give information about the active properties of neurons and that preferred 68 
frequencies in the LFP can result from those cellular properties instead of, e.g., network dynamics. 69 

  70 
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Introduction 71 

The Local Field Potential (LFP) is the low frequency part (below ~500 Hz) of the extracellular 72 
potentials recorded in the brain. The LFP signal in the mammalian cortex reflects the activity of 73 
thousands of neurons (Buzsáki et al., 2012; Einevoll et al., 2013) and is commonly used to study the 74 
network dynamics underlying, e.g., sensory processing, motor planning, attention, memory and 75 
perception (Roux et al., 2006; Szymanski et al., 2011; Liebe et al., 2012). The LFP signal has further 76 
increased in importance in recent decades because of the development of high-density silicon-based 77 
micro-electrodes, allowing simultaneous recording of the LFP at thousands of positions spanning 78 
entire brain regions (Normann et al., 1999; Buzsáki, 2004; Frey et al., 2009; Lambacher et al., 2011). 79 
Furthermore, the LFP shows promise for steering neuroprosthetic devices as it is easier and more 80 
stably recorded in chronic settings than single-unit spiking activity (Andersen et al., 2004; Markowitz 81 
et al., 2011; Jackson and Hall, 2017). 82 
The biophysical origins of the LFP are the transmembrane currents of neurons in the vicinity of the 83 
recording electrode (Nunez and Srinivasan, 2006). The extracellular potentials induced by the 84 
transmembrane currents can be calculated using the well-established volume conductor theory (Rall 85 
and Shepherd, 1968; Holt and Koch, 1999; Nunez and Srinivasan, 2006; Lindén et al., 2014). The 86 
main contribution to the cortical LFP is thought to stem from synaptic inputs and the ensuing return 87 
currents (Mitzdorf, 1985; Pettersen et al., 2008; Einevoll et al., 2013; Haider et al., 2016). However, 88 
cortical neurons are known to express many voltage-dependent (or active) currents (Migliore and 89 
Shepherd, 2002; Lai and Jan, 2006; Major et al., 2013) that may contribute to the LFP, either by 90 
subthreshold processing of synaptic inputs, or through somatic and dendritic spikes. Reimann et al., 91 
(2013) recently studied the combined effects of all active currents on the LFP in a large cortical 92 
population model and found substantial effects of these currents. However, their approach did not 93 
allow for an easy separation between the effects of spiking currents and the effect of subthreshold 94 
active currents, hence, it is still debated to what extent such subthreshold active currents contribute 95 
to the LFP. We recently investigated this using computational models of single neurons (Ness et al., 96 
2016) and found that subthreshold active currents can strongly amplify or dampen the lowest 97 
frequencies of the LFP power spectrum, in the latter case leading to a resonance in the LFP. We 98 
identified the key importance of the hyperpolarization-activated inward current, Ih, and in particular, 99 
we observed that for synaptic input which selectively targeted the apical dendrites of cortical layer 5 100 
pyramidal cells, Ih caused a strong resonance peak in the LFP power spectrum. However, how the 101 
observed effect of Ih on the LFP would transfer from a single cell to a neural population remained an 102 
open question. 103 
Using a modelling approach we here investigate the effect of subthreshold active conductances on 104 
the LFP from cortical neural populations. The populations consisted of layer 5 pyramidal cells, as 105 
these numerous, large and geometrically aligned cells are thought to be a main contributor to the 106 
cortical LFP (Einevoll et al., 2013; Hagen et al., 2016). We demonstrated the key importance of Ih in 107 
shaping the LFP from pyramidal cell populations and found that it does this in two fundamentally 108 
different ways depending on the synaptic input. First, for synaptic input to the distal apical dendrites 109 
of the neurons we observed a strong dampening of the lowest LFP frequencies, leading to a 110 
resonance in the LFP power spectrum. It has been argued that the cortical LFP is dominated by 111 
populations of neurons receiving correlated synaptic input (Lindén et al., 2011; Łęski et al., 2013), 112 
and we found that such correlations increased the expression of the Ih-induced resonance. Second, 113 
for correlated synaptic input that was uniformly distributed on the cells, we instead observed a novel 114 
and strong low-frequency amplification that could increase the power of the LFP by up to two orders 115 
of magnitude. Hence, the h-type current with its asymmetric distribution and its nature to generate 116 
resonances is particularly suited to shape the LFP in cortical populations. 117 
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Materials & Methods 118 

Neuron models 119 
Simulations for Figure 1-3, 8, were carried out using a model of a cortical layer 5 pyramidal cell from 120 
Hay et al. (2011). The cell model is available from ModelDB (Hines et al., 2004; accession number 121 
139653, “cell #1”, parameters from Table 3 in Hay et al., 2011). This model was fitted to experimental 122 
data by multi-objective optimization with an evolutionary algorithm, and has ten active ionic 123 
conductances. This model can exhibit both somatic and dendritic spikes, however, note that in this 124 
study we focus only on the subthreshold regime. For the model labeled “passive”, all active 125 
conductances were removed from the model. For the model labeled “passive + Ih”  all active 126 
conductances, save for Ih, were removed. For the model labeled “passive + frozen Ih”, the dynamics 127 
of the remaining Ih-conductance was also removed by keeping the gating variable of the h-current 128 
constant, yielding an additional passive conductance. The leak reversal potential of each cell 129 
compartment was set such that the cell’s resting potential was uniform at -70 mV (Carnevale and 130 
Hines, 2006; Ness et al., 2016) as this simplifies interpretation of the results. Note that this was not 131 
done for the model labeled “BBP with complex synapses” used in Figure 9, without the overall 132 
conclusions being affected. 133 
Simulations for Figure 4, 6 and 7 used the same complex morphology as described above, but 134 
instead of the original active conductances, used a single so-called quasi-active conductance (Mauro 135 
et al., 1970; Koch, 1984; Hutcheon and Yarom, 2000; Remme, 2014). Voltage-dependent membrane 136 
currents often behave in a near-linear fashion for small perturbations around a holding potential, 137 
hence one can make use of linear approximations of the nonlinear ionic currents, thereby greatly 138 
reducing the parameter space, while retaining the generic features of the system. This quasi-active 139 
description highlights that active conductances basically come in two classes, regenerative or 140 
restorative, functioning as positive or negative feedbacks by amplifying or counteracting changes in 141 
the membrane voltage, respectively. The implementation was the same as in Ness et al. (2016), 142 
except that the strength of the quasi-active peak conductance was halved to increase the stable 143 
voltage regime of the quasi-active conductance. This was needed since we did not use the balanced 144 
excitation and inhibition that was used in Ness et al. (2016). The quasi-active description allowed for 145 
a systematic study of the effect on the LFP of quasi-active conductances of different classes (i.e., 146 
regenerative or restorative) and different cellular distributions (i.e., linear decrease or increase in 147 
membrane conductance strength with distance from the soma, as well as a uniform distribution). The 148 
quasi-active peak conductance was  μS/cm² for the model with the linear 149 
decrease in conductance with distance, x (in μm), from the soma,  μS/cm² for 150 
the model with the linear increase with distance from soma, an = 50 μS/cm² for the uniform 151 
distribution. For all these three different membrane conductance distributions, the total resting 152 
membrane conductance (i.e., summed for the entire membrane surface) was the same. The same 153 
quasi-active conductance was used for the model labeled “simplified cylinders” in Figure 9, where 154 
cells were represented by single cables with a length of 1000 μm and a diameter of 2 μm. The top 155 
half of the cable had a five-fold increased strength of the quasi-active conductance, compared to the 156 
bottom half, which had = 33.3 μS/cm². In Figure 9 (“BBP with complex synapses”) we used a 157 
cell model from the Blue Brain Project cortical microcircuit (available from bbp.epfl.ch/nmc-portal, 158 
Markram et al., 2015) named “L5_TTPC2_cADpyr232_2”. 159 
Population models 160 

Models of cortical populations were constructed by placing layer 5 pyramidal cell models with the 161 
somata uniformly distributed within a disc, and with the apical dendrites oriented along the same 162 
axis. The cells were randomly rotated along the axis of the apical dendrite. Unless otherwise 163 
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specified the populations contained 10,000 cells, the thickness of the disc was 200 μm, and the 164 
radius of the disc was 1,000 μm, resulting in a planar cell density of ~3,000 cells/mm² (Lindén et al., 165 
2011; Łęski et al., 2013). In most cases all cell models were duplicates of one and the same cell 166 
morphology, but we also constructed a population consisting of 67 distinct morphologies from adult 167 
rat somatosensory cortex L5 pyramidal cells (Figure 9). These cell morphologies were downloaded 168 
from NeuroMorpho.org (Ascoli et al., 2007; Chen et al., 2014; Hamada et al., 2016), and equipped 169 
with the single quasi-active conductance described in the previous paragraph. 170 
Synaptic input 171 
For the model used in Figure 9, labelled “BBP with complex synapses”, we used conductance-based 172 
synapses, with instantaneous jumps in conductance of 0.01 nS followed by an exponential decay 173 
with a time constant of 2 ms. For all other figures the synaptic inputs were current-based synapses 174 
modelled with very short time constants (3 time steps), effectively making them delta pulses with a 175 
white-noise (i.e., flat) power spectrum (Łęski et al., 2013). This ensured that all observed deviations 176 
from a flat LFP power spectrum were caused by cell properties (Lindén et al., 2010; Łęski et al., 177 
2013; Ness et al., 2016). In all cases each cell received 1,000 different spike trains, and the 178 
individual spike trains were independent Poisson processes with a mean rate of 5 spikes/s. 179 
Correlations were in all cases introduced by drawing the presynaptic spike trains of all the cells from 180 
a large common pool of spike trains. The spike trains were drawn without replacement for each cell, 181 
i.e., for any given cell, all 1,000 spike trains were different and independent. Different levels of 182 
correlation were obtained by varying the size of the common pool of spike trains, which decides the 183 
average fraction of common spike trains, c, that two random cells would share. For c = 0, the 184 
synaptic inputs are uncorrelated, and for c = 1, all cells share the exact same 1,000 presynaptic 185 
spike trains. Note, however, that the spike trains did not target the exact same postsynaptic locations 186 
on different cells. Synaptic input to the distal tuft only targeted the apical dendrites above z = 900 187 
μm, where the somas are distributed in a disc centered at z = 0 μm (see section Population models). 188 
Basal synaptic input targeted the basal dendrites and the soma, and uniformly distributed synaptic 189 
input targeted all cell compartments. Within the targeted region, post-synaptic cell compartments 190 
were randomly selected with uniform area-weighted probability. 191 
Calculation of extracellular potentials 192 
Extracellular potentials were calculated using volume conductor theory. From a simulated multi-193 
compartmental neuron model (Rall, 1962; Butz and Cowan, 1974; Koch, 1999), the transmembrane 194 
currents  are obtained from each compartment  at position . The extracellular potential  195 
at position  resulting from these transmembrane currents can then be calculated (Holt and Koch, 196 
1999; Lindén et al., 2014): 197 

 , (1) 198 

where the conductivity of the extracellular medium was given by  = 0.3 S/m (Goto et al., 2010), and 199 
was assumed to be homogeneous, isotropic and frequency independent (Miceli et al., 2017). This 200 
line-source formula assumes the transmembrane currents are evenly distributed along the axes of 201 
cylindrical neural compartments, see Lindén et al. (2014) for a detailed description. All simulations 202 
and computations of the extracellular potentials were carried out using LFPy (Lindén et al., 2014), an 203 
open-source Python package that provides an interface to NEURON (Carnevale and Hines, 2006). 204 
For most cases, the LFP-PSD is shown for both the somatic region (z = 0 μm) and for the apical 205 
region (z = 1000 μm). 206 
To obtain the power spectral density (PSD) of the LFP, we used Welch’s method. Note that the term 207 
LFP commonly refers to the extracellular potential after it has been low-pass filtered (below ~300–208 
500 Hz) to remove spikes. Here, we focused only on the subthreshold regime, hence, since no 209 
spikes are present we simply refer to the unfiltered extracellular potential as the LFP. The time step 210 
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of the neural simulation was 1/16 ms. For all simulations the first 2000 ms was discarded to avoid 211 
initialization effects, and the total simulation time was 213 = 8192 ms, where the power of 2 was 212 
chosen to speed up the calculation of the PSDs. 213 
All simulation code used to produce the figures in this study are available from the online repository: 214 
https://github.com/torbjone/aPop 215 

Results 216 

The aim of the current study is to investigate the effect of subthreshold voltage-dependent 217 
conductances on the LFP produced by a biophysical model of a population of pyramidal neurons. As 218 
a reference point, we start by showing the LFP produced by a single pyramidal neuron model in 219 
response to ongoing synaptic input as in Ness et al. (2016). 220 

Active conductances shape single-cell and population LFP for asymmetrically distributed 221 
synaptic input  222 

We used a morphologically reconstructed cortical pyramidal cell from layer 5 (Hay et al., 2011, 223 
Figure 1A) and provided the cell with 1,000 excitatory current-based synaptic inputs that were 224 
activated by independent poissonian statistics. The synaptic inputs were distributed within different 225 
target regions with uniform area-weighted probability. The time course of the synaptic inputs was 226 
made very short, giving the input a flat power spectral density (PSD) so that the input itself does not 227 
shape the LFP-PSD profile (Łęski et al., 2013; see Methods). The original, experimentally 228 
constrained cell model included 10 active conductances and we demonstrated previously that the h-229 
type conductance was sufficient to capture the active contributions to the subthreshold LFP-response 230 
(Ness et al., 2016). For simplicity, we will for most results consider a simplified model with only Ih 231 
(“passive + Ih”). 232 
The Ih-conductance is distributed asymmetrically across the dendrites of many types of pyramidal 233 
cells, with a strong increase in conductance density along the apical dendrite away from the soma 234 
(Magee, 1998, 1999; Hu et al., 2002, 2009; Kole et al., 2006; Angelo et al., 2007; Hay et al., 2011; 235 
Almog and Korngreen, 2014). When restricting the subthreshold synaptic input to the distal dendritic 236 
tuft, the LFP-PSD from the model with the h-type conductance showed a resonance (see also 237 
Hutcheon et al., 1996; Narayanan and Johnston, 2008) when measured close to the soma, i.e., a 238 
peak in the PSD around 10 Hz (Figure 1B, bottom panel, blue curve). This resonance was not 239 
present for two different passive models: one where the Ih-conductance was completely removed 240 
(Figure 1B, bottom panel, “passive”, black) and one where the increased resting membrane 241 
conductance that results from the h-type conductance was included, but the dynamics of the 242 
conductance removed, i.e., a so-called frozen conductance (Figure 1B, bottom panel, “passive + 243 
frozen Ih”, cyan curve). The h-type conductance had a much weaker effect on the single-cell LFP 244 
when the input targeted the basal dendrites where Ih was only weakly expressed (Figure 1C). Note 245 
also that the LFP-PSD exhibited a much steeper fall-off with frequency when measured on the side 246 
opposite to the synaptic input (Figure 1B,C). This is due to intrinsic dendritic filtering as described in 247 
detail by Lindén et al. (2010) and Łęski et al. (2013). 248 
The above single-cell effects of active conductances were previously described in Ness et al. (2016). 249 
To investigate whether these effects carry over to the LFP produced by a population of pyramidal 250 
neurons we next constructed a population of 10,000 pyramidal cells, with the somata distributed 251 
within a disc of radius 1,000 μm and thickness 200 μm (Figure 1D), giving a planar cell density of 252 
~3,000 cells/mm² (Lindén et al., 2011; Łęski et al., 2013). The cells were randomly rotated along the 253 
axis of the apical dendrite. The extracellular potential was calculated at different positions along the 254 
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axis of the disc (in the center of the population). Each cell received similar input as the single cell 255 
described above, i.e., 1,000 excitatory synaptic inputs that were activated by independent poissonian 256 
processes. As in the single-cell simulations, we found that the resonance due to the h-type 257 
conductances was indeed present in the LFP-PSD from the population model when the cells 258 
received uncorrelated synaptic input to the distal tuft dendrites (Figure 1E, bottom panel). In fact, for 259 
uncorrelated synaptic input, all tested combinations of synaptic input regions and distributions of the 260 
conductance resulted in population LFP-PSDs that were very similar in shape to the single-cell LFP-261 
PSDs; the difference was mainly a magnitude scaling factor (for example, see Figure 1, B versus E, 262 
and C versus F). This was not surprising: Because of the linearity of extracellular potentials, the LFP 263 
from a population of cells is just the sum of the single-cell LFPs, and summing uncorrelated signals 264 
with similar frequency content should not change the overall shape of the LFP-PSD (Lindén et al., 265 
2011; Łęski et al., 2013). 266 

Synaptic input correlations amplify the LFP for asymmetrically distributed input and preserve 267 
Ih-induced resonance 268 

Whereas the above results could be expected on the basis of linear summation of LFP signals, the 269 
results are not straightforward when correlations are introduced among the synaptic inputs to a 270 
population of neurons. Previous studies showed that such correlations have a strong effect on the 271 
LFP (Lindén et al., 2011; Łęski et al., 2013). We introduced correlations by varying the average 272 
fraction, c, of input fibers that each pair of neurons shared (see Methods), i.e., c = 0 means that each 273 
neuron receives different input spike trains, and c = 1 means that every cell receives the exact same 274 
1,000 spike trains (note that they arrive at random postsynaptic positions). We found that the 275 
correlations caused a strong amplification of the LFP-PSD when the population received synaptic 276 
input to the distal tuft (Figure 2A,B). For the passive population at 1 Hz, the amplification from c = 0 277 
to c = 1 in the input region was a factor of ~1,700 (Figure 2C). The origin of this frequency-278 
dependent amplification with correlation has been thoroughly investigated previously by Lęski et al. 279 
(2013): Linearity assures us that we can consider the high and low frequencies of membrane 280 
currents separately. The high frequencies of the synaptic return currents tend to be close to the 281 
synaptic input, and the locally random orientation of the dendrites therefore ensures that the 282 
orientation of the resulting currents dipoles will also be predominately random. For the more spatially 283 
distributed low-frequency currents however, the geometrically aligned nature of pyramidal cells 284 
becomes important in aligning the current dipoles. The implication of this is that the conversion of 285 
synaptic input correlations into correlations between single-neuron LFP contributions is more efficient 286 
at low frequencies, giving stronger LFP-PSD amplification for synaptic correlations at low frequencies 287 
(Lęski et al., 2013). 288 
A similar phenomenon of a correlation-dependent slope of the membrane potential PSD was 289 
reported by El Boustani et al. (2009), and in the single-cell model used therein, this phenomenon 290 
was found to be dependent on the distribution of the individual delays for each presynaptic spike-291 
train. In the present study we did not have any individual time delays for the presynaptic spike-trains. 292 
However, based on the findings of El Boustani et al. (2009), we expect that introducing such 293 
individual time delays would result in an additional adjustment of the LFP-PSD slope, by decreasing 294 
the LFP-PSD power at high frequencies for correlated synaptic input. 295 
The Ih-induced attenuation of low frequencies for distal tuft synaptic input was also present for 296 
correlated input (Figure 2D, dark blue): To quantify the effect of the Ih-conductance we calculated 297 
the PSD modulation, i.e., the LFP-PSD from the population with either the original or the frozen Ih-298 
conductance, normalized by the LFP-PSD from the passive population. At the lowest considered 299 
frequency of 1 Hz, the attenuating effect of Ih increased with correlation in the apical region (Figure 300 
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2D, top), while remaining constant with correlation in the basal region (Figure 2D, bottom). As a 301 
consequence the LFP-PSD in the somatic and apical region look very similar for fully correlated input 302 
(Figure 2B, second column). This can be understood in the following way: As the input correlations 303 
are increased, the dynamics of the different cells in the population will become increasingly similar. 304 
For the highest correlation, c = 1, the entire population behaves as a single current dipole such that 305 
the LFP-PSD is very similar in the apical and somatic regions (except with opposite phase, not 306 
shown, but see Łęski et al., 2013; Figure 2B,F, rightmost panels). For basal synaptic input, i.e., input 307 
to the region where the Ih density was low (Figure 2E), we found a strong signal power amplification 308 
with increasing correlation (Figure 2F,G), but no effect of the h-type conductance for any correlation 309 
level (Figure 2H). 310 

Synaptic input correlations amplify the LFP for uniformly distributed input when membrane 311 
conductances are distributed asymmetrically  312 

For a population of passive neurons (i.e., without the h-type conductance) where the synaptic inputs 313 
were not targeted to either apical or basal dendrites but instead were uniformly distributed across all 314 
dendrites (Figure 3A), we found relatively weak effects of input correlations (Figure 3B, black curve, 315 
“passive"), in line with findings from Łęski et al. (2013). Note that the passive properties of the cell 316 
model from Hay et al. (2011) are not completely uniform; we will confirm below that a cell model with 317 
completely uniform passive properties shows no effect from input correlations (see below, Figure 318 
4B2). This was in stark contrast to what we found for the models that included the asymmetrically 319 
distributed h-type conductance, in which case we observed a strong amplification for frequencies 320 
below about 30 Hz (Figure 3B,C cyan and blue curves). This effect was present for the passive 321 
model with the frozen h-type conductance and even somewhat stronger for the model with the 322 
original, active h-type conductance. Note that this result is opposite to the usual observation that the 323 
h-type conductance always leads to a dampening of low frequencies compared to the passive 324 
conductance (Ness et al., 2016). We will return to this result below. To isolate the effect of the 325 
intrinsic conductances, we normalized the LFP-PSDs recorded in the somatic region by the signal 326 
from the “passive” population, which highlighted that the h-type conductance had no effect for c = 0 327 
(Figure 3C, thin curves), but caused an up to 100-fold amplification for c = 1 at frequencies below 328 
about 10 Hz (Figure 3C, thick curves). This low-frequency amplification was found to steadily 329 
increase with correlation (Figure 3D), and it was present for most extracellular positions along the 330 
apical dendrite, except in the zero-crossing region of the dipole (Figure 3E). 331 

Asymmetry in distribution of membrane conductance or synaptic input enhance the effect of 332 
membrane conductances on the LFP 333 

The active properties of pyramidal neurons vary across cell layers, brain region and animal species, 334 
and can, e.g., change during development or be under the control of neuromodulators. It is therefore 335 
not a priori possible to know the combination of ion-channel type, distribution, synaptic input regions, 336 
and synaptic input correlation, that is shaping the LFP in a given setting. The effect of non-uniform 337 
membrane conductances on the membrane potential has earlier been studied for passive 338 
membranes (Kawato, 1984; Schierwagen, 1989; London et al., 1999) and for Ih (Angelo et al., 2007; 339 
Zhuchkova et al., 2013). To allow for a systematic study of the effects of active conductances on the 340 
LFP we made use of the so-called quasi-active description of voltage-dependent conductances (see 341 
Methods). For small deviations of the membrane potential around a holding potential these linear 342 
approximations can capture the dynamics of a broad variety of subthreshold active currents very well 343 
(e.g., see Remme and Rinzel, 2011 and Ness et al., 2016). The quasi-active approximation 344 
highlights that voltage-dependent conductances come in two different forms, regenerative and 345 
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restorative. The h-type conductance is a restorative conductance, i.e., it functions as a negative 346 
feedback by counteracting changes in the membrane voltage. In contrast, regenerative 347 
conductances (e.g., persistent sodium) function as positive feedbacks, amplifying changes in the 348 
membrane potential. The effect of the dynamics of either of these two conductance classes can be 349 
evaluated by looking at the LFP-PSD modulation, i.e., the LFP-PSD from either the population with 350 
the regenerative or restorative conductance, normalized by the LFP-PSD from the passive 351 
population. Note that the different cell models all had the same total resting membrane conductance, 352 
hence we are comparing the quasi-active conductance to a passive-frozen conductance (comparable 353 
to the “passive + frozen Ih” case in Figure 1-3). To investigate the effect of the distribution of the 354 
conductances we used a uniformly distributed conductance, as well as a conductance that was 355 
linearly increasing or linearly decreasing in density with distance from the soma. There was a 60-fold 356 
increase or decrease in the conductance density along the length of the cell, similar to what has 357 
been reported for the h-type conductance in pyramidal cells in layer 5 of the neocortex and in the 358 
hippocampus (Lörincz et al., 2002; Kole et al., 2006; Nusser, 2009; Mishra and Narayanan, 2015). 359 
These three distributions of the membrane conductance were combined with three different 360 
distributions of the synaptic input: uniform, only to the distal tuft, or only to the basal dendrites. 361 
First focusing on the cell populations with passive-frozen conductances (Figure 4, grey and black 362 
curves), we found that the LFP-PSD was strongly amplified by input correlations for all combinations 363 
of synaptic input distributions and membrane conductance distributions, except when both 364 
distributions were uniform (Figure 4B2, grey versus black curves). We quantified the effects of the 365 
quasi-active conductances by normalizing the LFP-PSD to that of the corresponding passive-frozen 366 
case (Figure 4, red and blue curves). For distal tuft synaptic input to a population with an increasing 367 
membrane conductance distribution (i.e., Ih-like), we found that the restorative conductance resulted 368 
in a strong decrease for the lowest frequencies, over five-fold at 1 Hz, of the LFP-PSD compared to 369 
the passive-frozen case, thereby producing a resonance (Figure 4A1, blue curves). For the 370 
regenerative conductance, there was instead a low-frequency amplification of more than a factor 2 at 371 
1 Hz (Figure 4A1, red curve; see Ness et al., 2016). We found that for most cases the LFP-PSD 372 
modulation by the regenerative or restorative conductance was similar for uncorrelated and 373 
correlated inputs (Figure 4, red and blue curves, c = 0 versus c = 1). A notable exception was seen 374 
for populations with asymmetric conductance distributions, receiving uniform synaptic input. In this 375 
case the LFP-PSD modulation by the quasi-active conductances was up to a factor ~4 for correlated 376 
inputs, c = 1, for both the restorative and regenerative conductances (Figure 4B1,B3). However, as 377 
noted above, the modulation by either current was in a direction opposite to what we observed in all 378 
other conditions (see below). Comparing the LFP-PSD modulation from all combinations of 379 
membrane conductance distributions and synaptic input regions, we found that especially the Ih-like 380 
conductance (i.e., restorative) and distribution (i.e., linearly increasing) had a strong ability to shape 381 
the LFP-PSD (Figure 4, left column, gray and blue traces): This configuration produced a (passive) 382 
amplification of the LFP-PSD for correlated input (Figure 4, gray traces in leftmost panels), while the 383 
contribution of the Ih-type dynamics (blue curves) was 1) a resonance for apical synaptic input, 2) no 384 
modulation for basal input, and 3) a signal amplification for uniform input. This demonstrates the 385 
unique potential of the h-type current for shaping the LFP as a function of input region and input 386 
correlation. 387 

Asymmetric membrane conductance distributions cause a strong LFP amplification 388 

The counterintuitive result that the LFP from a population receiving uniformly distributed synaptic 389 
input was strongly amplified by an asymmetric membrane conductance distribution -- and even 390 
further amplified by the dynamics of the h-type conductance (Figure 3, 4) -- can be understood in the 391 
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following way. Because of linearity, the LFP from a population receiving uniformly distributed 392 
synaptic input can be factorized into two subpopulations: One receiving synaptic input to the top half 393 
of the cells, and the other to the bottom half. The LFP signals from these two subpopulations will, for 394 
a uniform membrane conductance distribution, be almost perfect mirror images. Hence, the 395 
superposition of these two signals will cancel almost entirely and cause a very weak LFP signal 396 
(Figure 5A). This is different for an asymmetric passive conductance, because currents from 397 
synaptic input to a region with a high membrane-conductance can more easily exit locally, giving a 398 
decreased current dipole moment, while currents from synaptic input to a region with low membrane-399 
conductance can exit less easily locally, giving an increased current dipole moment. An asymmetric 400 
passive conductance will therefore lead to less dipole cancellations and a stronger LFP signal 401 
(Figure 5B). A regenerative conductance is partly working against the above described effect of the 402 
asymmetric passive conductance by increasing the current dipole moment for synaptic input to 403 
strong conductance regions. Synaptic input to the weak conductance region will also depolarize the 404 
strong conductance region and initiate a regenerative current which opposes the synaptic currents, 405 
thereby decreasing the current dipole moment for synaptic input to weak conductance regions (see 406 
Ness et al., 2016). Therefore the resulting cancellation is larger than for the asymmetric passive case 407 
(Figure 5C). A restorative conductance is enhancing the effect of the asymmetric passive 408 
conductance, by further decreasing the current dipole moments of synaptic inputs to a high-409 
conductance region. Synaptic input to the weak conductance region will also depolarize and initiate a 410 
restorative current in the strong conductance region, thereby increasing the current dipole moments 411 
of synaptic inputs to a low-conductance region (Figure 5D). Note that even though linearity means 412 
that one can sum LFP time traces, one can not directly sum LFP-PSDs without taking into account 413 
the phase information (which we do not show here). For example, apical synaptic input and basal 414 
synaptic inputs results in opposite LFP dipoles (Figure 5A), which in the frequency domain 415 
correspond to opposite phases. Therefore the sum of these two LFPs will be smaller than either of 416 
the separate cases. 417 

Restorative resonance can be amplified above noise level by synaptic input correlations 418 

An important question is whether the resonance caused by the h-type conductance (Figures 1, 2, 4) 419 
can be expected to appear in an experimental setting. The resonance was only present for 420 
asymmetric synaptic input and in an in vivo experimental setting, synaptic input might not exclusively 421 
target only one region of a population of cells for sufficient time for the resonance to be visible in 422 
recordings. We compared the LFP-PSD resulting from a population receiving distal tuft synaptic input 423 
(Figure 6A) to a population receiving uniformly distributed synaptic input (Figure 6B). For both 424 
cases we used the quasi-active formalism with the single, Ih-like, restorative conductance. The sum 425 
of the LFPs from these two cases would, because of linearity, correspond to a mixed population of 426 
cells receiving either distal tuft or uniform synaptic input. For this example, we assumed that the 427 
correlation between the two populations was the same as the correlation between the cells within a 428 
population, i.e., we used the same common pool of spike trains for both populations. We found that 429 
for uncorrelated input, no resonance was visible in the PSD of the soma region LFP sum, since the 430 
signal was dominated by close-by (“Uniform”) white-noise synaptic input (Figure 6, c = 0, bottom 431 
panel). However, input correlations amplify the LFP signal for asymmetric input more than it amplifies 432 
LFP signals for uniform input. For non-zero correlation levels, we found the LFP-PSD from the 433 
population receiving distal tuft input to be strongest in the frequency region around the resonance 434 
peak (around 10-20 Hz; Figure 6, c = 0.01-1). This makes it plausible that an Ih-induced resonance 435 
could be detectable in vivo. It should be noted, however, that both the strength of the resonance 436 
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(Figure 6A) and the strength of the amplification for the uniform synaptic input (Figure 6B) are 437 
parameter-dependent. 438 

Effect of h-type conductance on LFP is a robust phenomenon 439 

The Ih-induced resonance that we observed for apical synaptic input was found to be very robust with 440 
regards to the population parameters: For the LFP-PSD from the original cell model from Hay et al. 441 
(2011) it was expressed for a single cell (Figure 1B) as well as for all correlation levels of the 442 
synaptic input to a population (Figure 2A). As expected, it was therefore also present for different 443 
population sizes (10 – 10,000 cells) and for a population with half the original cell density (results not 444 
shown).  445 
The low-frequency amplification for an asymmetric conductance distribution and uniformly distributed 446 
synaptic input was, however, not present for a single cell and required correlated synaptic input to a 447 
population of neurons, and we therefore performed further investigations of the robustness of this 448 
phenomenon. We quantified the amplification by calculating the average PSD modulation, i.e., the 449 
LFP-PSD from the population with the Ih-like conductance, normalized by the LFP-PSD from the 450 
passive population, in the low-frequency range (1–10 Hz). We found the low-frequency amplification 451 
to be present for uniformly distributed synaptic input with correlation levels of c = 0.01 and above for 452 
many different population sizes as well as for a population with half the original cell density, and the 453 
amplification was increasing in strength with both the correlation and the population size (Figure 7). 454 
For the highest correlation level, c = 1, a small amplification could be seen for as little as 10 cells. 455 
The strength of the h-type conductance is as previously discussed known to strongly increase along 456 
the apical dendrite of L5 cortical pyramidal neurons. In the cell model from Hay et al. (2011), based 457 
on results from Kole et al. (2006), the peak conductance of the h-type current increased 458 
exponentially with distance from the soma (Figure 8A, blue line). However, a recent study by Harnett 459 
et al. (2015) suggests that the conductance density of the h-type current reaches a plateau after the 460 
main bifurcation of the pyramidal cell apical dendrite, with a maximum peak conductance value of 461 
about 5.6 mS/cm² (Figure 8A, horizontal dotted line). This means that the cell model from Hay et al. 462 
(2011) used in Figures 1-3 might reach unrealistically high h-type conductance densities in the distal 463 
part of the apical dendrite. We therefore constructed population models consisting of 1,000 pyramidal 464 
cells that had modified spatial distributions of the h-type conductance. First we tested a model where 465 
the h-type conductance plateaus after the main bifurcation of the pyramidal cell (Figure 8A, orange 466 
line), however, this particular morphology has a relatively proximal bifurcation, and therefore this 467 
model had a plateau value for the peak h-type conductance density of less than half the value found 468 
by Harnett et al. (2015). We therefore also tested a model with a plateau density corresponding to 469 
the numerical value given by Harnett et al. (2015) of 5.6 mS/cm² (Figure 8A, red line).  470 
For both these cases, the h-type conductance had a similar effect on the LFP-PSD as before, but the 471 
effect was, as expected, less than for the original model from Hay et al. (2011) since the total amount 472 
of h-type current in the distal apical dendrites was reduced (Figure 8B-G). For the cell model that 473 
used the late plateau at the h-type conductance value reported by Harnett et al., the results were 474 
however very similar to the results from the original model (Figure 8D,G), demonstrating that our 475 
results are not caused by an unrealistically high h-type conductance. 476 
All populations used so far have consisted of (rotated and shifted) duplicates of one particular cell 477 
morphology, however, to exclude the possibility that using a single morphology biased our results, 478 
we also constructed populations of 1,000 cells based on 67 distinct morphologies from rat 479 
somatosensory cortex layer 5 pyramidal cells (downloaded from neuromorpho.org, see Method 480 
section). The cells were equipped with a single quasi-active Ih-like conductance, and we found that 481 
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the effect of the Ih-like conductance, characterized by the PSD modulation, was very similar to the 482 
results for the single-morphology population (Figure 9, cyan versus black). 483 
The resonance and amplification were also expressed by a population consisting of the original cell 484 
models from Hay et al. (2011), i.e., with all 10 active conductances present (results not shown). The 485 
same holds for a much complex population of 1,000 cortical layer 5 pyramidal cells from the Blue 486 
Brain Project’s cortical microcircuit model (bbp.epfl.ch/nmc-portal/, Markram et al., 2015), where we 487 
used conductance-based synapses with a realistic time-course (synaptic time constant of 2 ms; 488 
Figure 9, pink). Note that in contrast to the previously shown results, we did not enforce a uniform 489 
resting membrane potential for the cell models in this case, resulting in a membrane potential 490 
gradient along the apical dendrites of the cells due to Ih (Kole et al. 2006; Hay et al. 2011; Harnett et 491 
al. 2015). 492 
Finally, the LFP-PSD resonance and amplification effects were also produced by a strongly simplified 493 
population consisting of 1,000 cylindrical cell models with a restorative quasi-active conductance with 494 
a five-fold increased density on the top half of the cylinder (Figure 9, orange).  495 

Discussion 496 

In the present paper we have investigated the role of subthreshold active currents in shaping the LFP 497 
from cortical neural populations. Using models of populations of 10,000 cortical layer 5 pyramidal 498 
cells, we found that the dominant subthreshold active conductance, Ih, is particularly suited to 499 
modulate the LFP in a manner that reflects the spatial distribution of the synaptic input, the degree to 500 
which the synaptic inputs are correlated, and the spatial distribution of the Ih-channels. 501 
For synaptic input which targeted the apical dendrite of the cell population, Ih gave rise to a 502 
prominent resonance peak in the LFP-PSD (Figure 1). Furthermore, we demonstrated that the 503 
introduction of correlations to asymmetrically distributed synaptic input caused a strong signal 504 
amplification, while the effect of Ih was also more strongly expressed (Figure 2). For uniformly 505 
distributed correlated synaptic input we found, surprisingly, that the asymmetric distribution of the h-506 
type conductance caused a strong low-frequency amplification of the LFP-PSD (Figure 3, 5). Hence, 507 
the same active conductance has two opposite effects on the LFP-PSD depending on the input 508 
specifics: a low-frequency dampening (yielding a resonance) for apical input, or a low-frequency 509 
amplification for correlated uniformly distributed input.  510 
We next systematically studied the effect on the LFP of different combinations of conductance types, 511 
conductance distributions, and synaptic input regions, using quasi-active conductances, which are 512 
linear approximations of the voltage-dependent currents (Mauro et al., 1970; Koch, 1984; Remme 513 
and Rinzel, 2011; Ness et al., 2016). The quasi-active description strongly reduces the number of 514 
parameters needed to describe an active current, which enabled us to systematically study the 515 
effects of active currents on the LFP signal from cortical populations. These linear descriptions 516 
highlight that active currents basically come in two forms: regenerative (e.g., the persistent sodium 517 
current) and restorative (e.g., Ih). We demonstrated that these two types of active currents affect the 518 
lowest frequencies of the LFP-PSD in opposite manners, by amplification or dampening, depending 519 
on the spatial distribution and correlation level of the synaptic input (Figure 4). For an Ih-like 520 
conductance, i.e., a restorative conductance that was increasing in strength with distance from the 521 
soma, the above described effects of Ih on the LFP were observed also in this more general model. 522 
Importantly, this systematic study demonstrated that the restorative dynamics and the strongly 523 
asymmetric conductance distribution of Ih are in fact the ideal combination for an active current to 524 
shape the LFP (Figure 4). The observed Ih-induced resonance could be of substantial experimental 525 
value (see below) if present in in vivo LFP recordings, and we showed how the large signal 526 
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amplification of spatially asymmetric correlated synaptic input can potentially make this resonance 527 
experimentally detectable (Figure 6). 528 
We demonstrated that the effect of the h-type conductance on the LFP-PSD, i.e., the resonance for 529 
apical input and the amplification for uniformly distributed correlated input, was a very robust 530 
phenomenon. First, the described effects were present for different population sizes and cell 531 
densities (Figures 1, 7). Second, they were present for different types of synaptic input, both current-532 
based with a short synaptic time constant (Figures 1-7) and conductance-based with a realistic 533 
synaptic time constant (Figure 9). Third, they were present for different types of Ih-like conductances, 534 
i.e., an experimentally constrained h-type conductance with an exponential increase with distance 535 
from the soma (Hay et al., 2011; Figures 1-3) and a quasi-active restorative conductance with a 536 
linear increase in density with distance from the soma (Figures 4-7, 9). Finally, the effects were 537 
present for different cell morphologies, i.e., detailed reconstructed cell models (Figures 1-7, 9) and 538 
simplified cylindrical models (Figure 9).  539 

Implications for interpretations of extracellular brains signals 540 

We have demonstrated that subthreshold active conductances, and in particular the h-type 541 
conductance, can have an important role in molding the return currents following synaptic input to 542 
populations of pyramidal neurons, leading to large, qualitative changes in the shape of the LFP. 543 
Other important brain signals, such as the electrocorticography (ECoG), electroencephalography 544 
(EEG) and magnetoencephalography (MEG) signals, which reflect the neural activity of larger brain 545 
volumes than the LFP, are all still expected to predominantly reflect the same underlying process, 546 
namely synaptic input to populations of geometrically aligned pyramidal neurons (Mitzdorf, 1985; 547 
Nunez and Srinivasan, 2006; Buzsáki et al., 2012; Cohen, 2017). Therefore our findings are not only 548 
relevant for the interpretation of LFPs, but also for these other widely studied brain signals. 549 
Our findings have several implications for the interpretation of experimental data. First, the two 550 
opposite effects on the LFP-PSD we observed from the same h-type conductance, depending on the 551 
synaptic input, have interesting consequences for the information content of the LFP signal. It implies 552 
that the LFP contains information about both the distribution of synaptic inputs and the level of 553 
synaptic correlation. Different input pathways to pyramidal neurons are known to target specific cell 554 
regions (Petreanu et al., 2009; Hooks et al., 2013), hence the emergence of a resonance in the LFP-555 
PSD could indicate the activation of an apical input pathway to a neural population in the vicinity of 556 
the recording electrode. Likewise, the emergence of an amplification of the low frequencies of the 557 
LFP-PSD could indicate an increase in correlations between synaptic inputs that target the entire 558 
neuron.  559 
A second implication concerns peaks observed in the LFP-PSD, which are commonly interpreted as 560 
oscillations in the firing-rate of the neural populations that drive the LFP-generating neurons (Buzsáki 561 
and Draguhn, 2004; Nolan et al., 2004; Roberts et al., 2013; Hadjipapas et al., 2015). We 562 
demonstrated that peaks in the LFP-PSD can also be caused by apical input to populations of Ih-563 
expressing pyramidal cells. Hence, further signal analysis and/or experiments would be needed to 564 
establish the source of such peaks in the LFP-PSD. 565 
Third, our findings have implications for the interpretation of putative power-laws in recorded brain 566 
signals like the LFP and EEG. Various origins of such putative power laws have been proposed 567 
(Beggs and Plenz, 2003; Bédard et al., 2006; Miller et al., 2009; Bédard and Destexhe, 2009, El 568 
Boustani et al.,  2009; Pettersen et al., 2014). We here observed that the slope of the PSD was 569 
strongly affected by the synaptic input site and the synaptic correlation level (see also Łęski et al., 570 
2013), as well as by the type and distribution of membrane conductances (Figure 4), which implies 571 
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that the asymmetric cellular distribution of the h-type conductance might affect putative power-laws in 572 
LFP and EEG signals. 573 

Effect of spiking 574 

The cortical LFP is thought to predominantly reflect synaptic input and the associated return currents 575 
(Pettersen et al., 2008; Haider et al., 2016), however it might contain components from both 576 
subthreshold and suprathreshold activity (see, e.g., Suzuki and Larkum, 2017). The combined effects 577 
of all active conductances on the cortical LFP have previously been explored in comprehensive 578 
network simulations with spiking neurons (see, e.g., Reimann et al., 2013). Our study instead 579 
attempts to disentangle the important factors in shaping the LFP, focussing on the subthreshold 580 
activity. The characterization of the importance of spiking and the nature of the effect on the LFP 581 
should be addressed in a separate study, but note that any contribution from spiking activity would, 582 
because of linearity, come in addition to effects of the subthreshold active currents. Lastly, note that 583 
even though we expect the cortical LFP to be dominated by synaptic input, the hippocampal LFP is 584 
expected to contain a much larger spiking component because of the strongly correlated firing 585 
associated with for example sharp-wave ripples (Schomburg et al., 2012; Scheffer-Teixeira et al., 586 
2013; Taxidis et al., 2015; Sinha and Narayanan, 2015). 587 

Outlook 588 

Experimental verification of our model predictions could be pursued, e.g., through in vitro cortical 589 
slice experiments. Using an experimental paradigm that allows for region-specific activation of 590 
cortical pyramidal cells (e.g., see Petreanu et al., 2009; Hooks et al., 2013), one can provide  591 
correlated basal, apical or homogeneous input to a population of layer 5 pyramidal cells, with or 592 
without the presence of an Ih-blocker, like ZD7288. We predict that (i) for basal input, the effect of the 593 
blocker on the LFP-PSD will be small, (ii) for apical input the blocker will remove a resonance in the 594 
LFP-PSD, and (iii) for homogeneous input the blocker will substantially decrease power at low 595 
frequencies of the LFP-PSD. 596 
The overall effect of Ih on the LFP will be two-fold: Ih will (i) affect the timing of the synaptic inputs by 597 
modifying the spiking dynamics of the network (Hutcheon et al., 1996, 2000; Magee, 1999; Nolan et 598 
al., 2004; Migliore et al., 2004; Angelo et al., 2007; Narayanan and Johnston, 2008; Neymotin et al., 599 
2013), and it will (ii) affect the LFP by molding the return currents following each synaptic input (Ness 600 
et al., 2016). In this study we were able to isolate the effect of the second point (ii), by using identical 601 
synaptic inputs to populations of cells with different intrinsic conductances. Under these conditions 602 
we gained a thorough understanding of the direct effects on the LFP from subthreshold active 603 
conductances, and in particular Ih. However, now that we have developed a good understanding of 604 
the direct effect of Ih on the LFP, a natural extension of this project would be to use this knowledge to 605 
address the next question: what is the overall effect of Ih on the LFP? 606 

Closing statement 607 

Identifying Ih as the cause of a low-frequency amplification or a resonance in the LFP-PSD would be 608 
difficult in complex simulations with network interactions and spiking, and even more so in 609 
experiments. However, having identified Ih as a key player, its signatures can be searched for in 610 
LFPs both from large scale brain simulations (Markram et al., 2015; Hagen et al., 2016) and from 611 
experimental data. This highlights the importance of working with simplified models, as it allows 612 
dissection of complicated brain signals. We believe that this work is an important step in the direction 613 
of a better understanding of the cortical LFP signal, which is needed to take full advantage of this 614 
brain signal in the future. 615 
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Figure Legends 871 

Figure 1:  Distal synaptic input to pyramidal cells with h-type conductances results in 872 
resonances in single-cell and population LFP  873 
A: Illustration of reconstructed cortical pyramidal cell and recording electrode. B, C: For a single cell 874 
the LFP-PSD is shown in the somatic and apical region of the cell, for synaptic input that arrives at 875 
the distal tuft or the basal dendrite respectively. Different lines correspond to different versions of the 876 
model: A model with one active h-type conductance (blue curves), a passive model where the 877 
increased membrane conductance from the h-type channel is included, but the dynamics removed 878 
(cyan curves) and a passive model that only has the passive parameters of the original cell model 879 
(black curves). D: Illustration of a population of 10,000 cells, centered around a recording electrode. 880 
E, F: Same as B, C, but for the population of cells. The LFP-PSDs are shown in log10-scale with units 881 
of μV²/Hz.  882 

Figure 2: Correlations in synaptic input to distal or proximal dendrites amplify the LFP signal 883 
while retaining the effect of Ih 884 
A-D: LFP-PSD in apical and somatic region resulting from distal tuft synaptic input (A) with different 885 
levels of correlation, c, between the synaptic inputs (B, columns), to a population of 10,000 cortical 886 
layer 5 pyramidal cells. Different curves correspond to the different cell models used in Figure 1. C: 887 
LFP-PSD at 1 Hz as a function of the synaptic input correlation, c. D: The PSD modulation at 1 Hz as 888 
a function of the synaptic input correlation. The PSD modulation is defined as the LFP-PSD from the 889 
“passive + Ih” model (blue curves) or “passive + frozen Ih” model (cyan curves), divided by the LFP-890 
PSD from the “passive” model. E-H: Same as A-D, but with basal synaptic input. The LFP-PSDs are 891 
shown in log10-scale with units of μV²/Hz.  892 

Figure 3: Membrane conductance gradient amplifies LFP signal for population receiving 893 
correlated uniformly distributed synaptic input 894 
LFP-PSD resulting from uniform synaptic input (A) with different levels of correlation, c, between the 895 
synaptic inputs (B, columns) to a population of 10,000 cortical layer 5 pyramidal cells. Different 896 
curves correspond to the different cell models used in Figure 1 and 2. The LFP-PSDs are shown in 897 
log10-scale with units of μV²/Hz. C: PSD modulation, defined as the LFP-PSD from the “passive + Ih” 898 
model (blue curves) or “passive + frozen Ih” model (cyan curves), divided by the LFP-PSD from the 899 
“passive” model, for c = 0 (thin lines) or c = 1 (thick lines). D: Average of the PSD modulation 900 
between 1-10 Hz as a function of the synaptic input correlation, c. E: Average of the PSD modulation 901 
between 1-10 Hz for different positions along the axis of the apical dendrites, in the middle of the 902 
population, for c = 0 (thin lines) or c = 1 (thick lines). 903 

Figure 4: Asymmetry in distribution of membrane conductance or synaptic input enhance the 904 
impact of membrane conductances on the LFP 905 
Systematic study with three different synaptic input distributions (rows A-C) and three different 906 
membrane conductance distributions (columns 1-3) for a population of 10,000 cortical pyramidal 907 
cells. The LFP-PSD from the “passive+frozen” population is shown for c = 0 (black curves) and c = 1 908 
(gray curves). The LFP-PSDs are shown in log10-scale with units of μV²/Hz. The PSD modulation, 909 
i.e., the LFP-PSD of the population with a regenerative (red curves) or restorative (blue curves) 910 
conductance, divided by the LFP-PSD from the population with a “passive+frozen” conductance is 911 
shown for c = 0 and c = 1. Note that each of the different cell models have the same total membrane 912 
conductance. 913 

Figure 5: For asymmetric membrane conductance distributions, uniformly distributed 914 
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correlated synaptic input cause boost in LFP due to less dipole cancellation 915 
Schematic illustration of mechanism underlying the amplified LFP-PSD for uniformly distributed input 916 
to a cell population with a spatially asymmetric membrane conductance. Schematic cylindrical 917 
neuron with two cell regions is shown in gray, and synapses in green. Due to linearity, the LFP from 918 
uniformly distributed synaptic input to a population can be decomposed into the sum of the LFPs 919 
from synaptic input to two different cell regions. A: For a uniform passive membrane conductance, 920 
top and bottom synaptic input cause opposite dipoles, leading to an almost perfect cancellation of the 921 
summed LFP. B: An asymmetric passive conductance weakens the symmetry and leads to less 922 
dipole cancellation. C: An asymmetric regenerative conductance will partly counteract the effect of 923 
the asymmetric passive conductance. D: An asymmetric restorative conductance will strengthen the 924 
effect of the asymmetric passive conductance. 925 

Figure 6: Synaptic input correlation can boost restorative resonance above noise level.  926 
LFP-PSD for the apical (top row) and somatic (bottom row) region for distal tuft (A, pink) or uniformly 927 
distributed (B, green) synaptic input to cortical cell population with an increasing restorative (Ih-like) 928 
quasi-active conductance. Columns show different correlation levels from c = 0 to c = 1. The sum of 929 
the LFPs from the two populations is shown in black. The LFP-PSDs are shown in log10-scale with 930 
units of μV²/Hz. 931 

Figure 7: LFP amplification for uniform synaptic input to Ih-like conductance requires 932 
correlation and a minimum population size.  933 
For cell populations with increasing radius (A), the average of the PSD modulation between 1-10 Hz, 934 
is shown for different levels of synaptic correlation (B). The PSD modulation is defined as the LFP-935 
PSD from a population with a quasi-active Ih-like conductance, divided by the LFP-PSD from a 936 
passive model, similar to Figure 2, 3. A population with the full radius but half the original cell density 937 
is also shown (dark red, dashed line) C: The same data as in panel B, but with the average PSD 938 
modulation between 1-10 Hz for different correlation levels, c, as a function of the population radius.  939 

Figure 8: Effect of Ih is independent of exact subcellular conductance distribution.                  940 
A: Different distributions of the peak Ih conductance along the apical dendrite. B-D: The LFP-PSD for 941 
distal tuft synaptic input (B) with different levels of correlation (C, columns), as well as the 942 
corresponding PSD modulations (D). E-G: Same as B-D, but for uniformly distributed synaptic input. 943 
The LFP-PSDs are shown in log10-scale with units of μV²/Hz, and the PSD modulation is defined in 944 
Figures 2, 3, 4, 7.  945 

Figure 9: Findings generalize to both more complex and simplified populations.  946 
The average PSD modulation, defined as the LFP-PSD from a population with an Ih-like 947 
conductance, normalized by the LFP-PSD from the same population with the Ih-like conductance 948 
removed. The synaptic input is distributed at the distal apical dendrite (A), or uniformly on the entire 949 
cell (B), and is either uncorrelated (c = 0) or fully correlated (c = 1). Four different population types 950 
are included. (i, black): The quasi-active model used in Figures 4 (column 1), 6 and 7, with 1,000 951 
cells. (ii, cyan): A population of 1,000 cells with a similar quasi-active conductance, but composed of 952 
67 distinct cell morphologies. (iii, pink): A population of 1,000 reconstructed cortical layer 5 pyramidal 953 
cells from the Blue Brain Project (Markram et al., 2015), receiving conductance-based synaptic input 954 
with a realistic time course (synaptic time constant 2 ms). The PSD modulation is calculated from the 955 
LFP-PSD of a population with a single Ih conductance, normalized by the LFP-PSD from a passive 956 
population, however, using the fully active cell models with all 11 active conductances gave similar 957 
results. (iv, orange): A simplified population of 1,000 cylindrical cell models (1,000 μm long, 2 μm 958 
thick) receiving current-based, white-noise synaptic input (i.e., very short synaptic time constant), in 959 
this case either to the top half (A) or uniformly distributed along the entire cell (B). The PSD 960 
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modulation was calculated by the LFP-PSD from a population with a single quasi-active restorative 961 
conductance that was 5-fold stronger in the top half of the cells, normalized by the LFP-PSD from a 962 
population with a uniform passive conductance. For all cases the LFP-PSD is calculated at a single 963 
position in the lower region of the population (corresponding to the somatic region for the pyramidal 964 
cells).   965 




















