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Abstract: Human cortical pyramidal neurons are large, have extensive dendritic trees, and yet 20 
have surprisingly fast input-output properties: rapid subthreshold synaptic membrane potential 
changes are reliably encoded in timing of action potentials (APs). Here, we tested whether 
biophysical properties of voltage-gated sodium (Na+) and potassium (K+) currents in human 
neurons can explain their fast input-output properties. Human Na+ and K+ currents had 
depolarized voltage-dependence, slower inactivation and exhibited a faster recovery from 25 
inactivation than their mouse counterparts. Computational modeling showed that despite lower 
Na+ channel densities in human neurons, the biophysical properties of Na+ channels resulted in 
higher channel availability and explained fast AP kinetics stability. Finally, human Na+ channel 
properties also resulted in a larger dynamic range for encoding of subthreshold membrane 
potential changes. Thus, biophysical adaptations of voltage-gated Na+ and K+ channels enable 30 
fast input-output properties of large human pyramidal neurons.  
 

One-Sentence Summary: Biophysical properties of Na+ and K+ ion channels enable human 
neurons to encode fast inputs into output.  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 20, 2022. ; https://doi.org/10.1101/2022.11.29.518317doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.29.518317


 

2 
 

Main Text: 
Cortical computation relies on neurons to process synaptic inputs and transfer these 

inputs into action potential (AP) output. Electro-morphological properties of neurons shape their 
input-output function, determine the speed of transfer and how much of the received synaptic 
information can be passed on as output to downstream neurons. Human excitatory pyramidal 5 
neurons in cortical layers (L) 2 and 3 have large dendritic trees receiving over 30,000 synaptic 
inputs, twice as many as L2/3 pyramidal neurons in rodent cortex (1–4). Encoding activity of 
large numbers of incoming synaptic inputs would require precise temporal resolution through 
fast input-output processing properties. This fast encoding can be achieved by precise timing of 
AP output to incoming synaptic input. (Sub-)millisecond precision of AP (spike) timing carries 10 
behaviorally relevant information (5–7), and the ability of neurons to respond to inputs with 
precisely timed spikes is critical to preserve information and distribute it across synaptically 
coupled neurons (8). While the ability of rodent pyramidal neurons to time APs to synaptic input 
is limited to 200 Hz (9, 10), adult human pyramidal neurons reliably time their APs to 
subthreshold membrane potential changes of 1000 Hz and above (11). Thereby, human L2 and 15 
L3 pyramidal neurons have efficient input-output processing properties, with sub-millisecond 
temporal resolution (11). However, mechanisms that enable human pyramidal neurons to reliably 
encode subthreshold membrane potential changes in AP timing with high temporal precision are 
poorly understood. 

Theoretical studies predict that the speed of AP generation is a critical requirement for 20 
fast input-output processing in neuronal networks (8, 10). Fast AP onset kinetics allow neurons 
to respond readily and reliably to fast changing inputs (12), while artificial slow-down of the AP 
waveform impairs the ability of neurons to encode fast inputs, and slows network processing 
(10). In vivo recordings of single neuron activity in human subjects performing cognitive tasks 
show that neurons increase their firing to 10-50 Hz from almost silent baseline and maintain high 25 
firing rates for minutes (13–15). Typically, in such conditions AP kinetics slow down (16) and 
this could impair precise AP timing and reduce efficient encoding. Neurons with slow AP onset 
mechanisms will not be able to respond to fast synaptic input with an AP, they will ‘ignore’ fast 
synaptic inputs. Thus, maintaining fast AP shape could be critical for cognitive function. 

We recently showed that human neurons are indeed able to maintain fast and stable AP 30 
kinetics during sustained firing and this is relevant for cognitive function (18, 19). Neurons from 
subjects with higher IQ are able to maintain fast APs, while in subjects with lower IQ the AP 
rising speed slows down during repeated firing. Furthermore, the encoding ability of single 
neurons in awake humans has been linked to cognitive task performance (20, 21). Therefore, the 
ability of human neurons to generate APs with stable shape during repeated firing as well as to 35 
encode fast-changing synaptic inputs are inter-related and may play an important role in human 
cognition. Here we address which biophysical mechanisms underlie fast action potential kinetics 
and input-output encoding in human neurons. To this end, we recorded APs and underlying 
voltage-gated sodium (Na+) and potassium (K+) currents from pyramidal neurons in 
supragranular layers (L2 and L3) of human and mouse association cortices. We characterized 40 
biophysical properties of voltage-gated Na+ and K+ currents underlying action potential 
generation and used computational modeling to investigate which properties of Na+ and K+ 
channels contribute to human AP kinetics and input-output function. 
 
 45 
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Results 
 
Stable and fast human AP waveform during repeated firing 

During cognitive tasks such as reading, human neurons in the temporal lobe sustain their 
AP firing for tens of seconds to minutes at frequencies in the range of 10-50 Hz (13–15). We 5 
first asked whether shape and kinetics of APs in human pyramidal neurons are stable during 
sustained AP firing, and how this compares to mouse pyramidal neurons. We made whole cell 
patch-clamp recordings from human and mouse supragranular pyramidal neurons in association 
cortices and held their membrane potentials to -70 mV. Then we evoked trains of APs with short 
(3 ms) current pulses at frequencies ranging from 10-70 Hz (Fig. 1A). We observed firing 10 
frequency- and time dependent AP broadening, however AP broadening was much more 
prominent in mouse than human neurons (Fig. 1B-D). Human neurons showed more stable rise 
and fall speed during repeated firing at all frequencies tested (Fig. 1C-F). Already at a moderate 
firing frequency of 10 Hz, both rise and fall speed of the 2nd AP showed significantly more 
slowing down in mouse compared to human neurons (mean rel. rise and fall speed, t-test; 15 
p=0.013 for rise speed and p=0.016 for fall speed, n=34 human cells, n=32 mouse cells), with 
more pronounced differences at higher frequencies (Fig. 1F). After 200 APs at 70 Hz the effect 
was most pronounced: median (Q1-Q3, here and further) relative rise speed reduced to 0.56 
(0.50-0.67) for mouse neurons (Fig. 1F). In contrast, human neurons sustained their rise speed at 
a fraction of 0.75 (0.71-0.80) of the initial value, which was significantly higher (p=6.2*10-9 20 
Wilcoxon rank sum test). The AP fall speed was also significantly more stable in human neurons 
(mean±SD here and further, human 0.68±0.11, mouse 0.53±0.12, p=3.6*10-6, t-test). The initial 
speed as well as the stability of the rise and fall speed was similar between neurons from 
epilepsy and tumor patients (Fig. S1) indicating that stability of AP shape does not depend on 
disease history.  25 
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Fig. 1. Stable and fast human AP waveform during repeated firing. (A) Examples of human (red) and mouse 
(blue) L2/L3 pyramidal neurons: APs at frequencies ranging from 10 to 70 Hz were evoked by short pulses. (B) 
Examples of human and mouse AP (left) and AP derivative (right) traces illustrating differences in AP stability. (C-
F) AP shape stability in human and mouse neurons (human: n=36 cells, mouse: n=32 cells) (C) Absolute rise and 5 
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fall speeds of first AP in train. (Rise speed: ***p<10-4, unpaired t-test; Fall speed: *p=0.03, Wilcoxon rank sum 
test). (D) Relative rise and fall speeds of AP5 normalized to AP1 were faster in human neurons. (Rise speed: 
***p<10-6, Wilcoxon rank sum test; Fall speed: ***p<10-3, unpaired t-test) (E) Rise and fall speeds are more stable 
in human than mouse neurons during repeated APs. Relative rise speed from AP1 to AP200 (left) and AP1 to AP5 
(right) during 40 Hz firing showing more slowing of AP kinetics in mouse neurons. (Significance of Species:AP 5 
number interaction in linear regression models: Rise speed AP1-200: ***p<10-26; Fall speed AP1-200: ***p<10-7; 
Rise speed AP1-5: ***p<10-4; Fall speed AP1-5: *p=0.03)  (F) Frequency dependence of rise and fall speed stability 
after 200 APs. (Significance of Species:Frequency interaction effect in linear regression models: ***p<10-9, 
**p=0.001). Shaded areas here and further represent bootstrapped 95% confidence interval of the mean.  
 10 
Stable Na+ & K+ currents during action potentials in human neurons 

Since APs mainly arise from a combination of ionic currents through voltage-gated Na+ 
and K+ channels (22), we asked whether Na+ and K+ currents showed adaptations during 
repeated firing. We pharmacologically isolated voltage-gated Na+ and K+ currents in separate 
experiments (Fig. S2) and applied AP-train waveform voltage commands to nucleated patches. 15 
When a waveform based on a train of 40 Hz was applied, the amplitudes of both Na+ and K+ 
currents significantly decreased from 1st to the 200th AP (Fig 2A). However, Na+ currents in 
human patches (n=16) reduced substantially less compared to mouse nucleated patches (n=33), 
and the difference could be observed already during the first 5 APs (Fig. 2B). Furthermore, K+ 
current amplitudes were also more stable with subsequent APs in human neurons (n=14, vs. 20 
n=11 mouse neurons), but during the first 5 APs there was no species-specific difference (Fig. 
2B). These effects were independent of whether the applied AP command waveform originated 
from mouse or human neurons (Fig. S3), indicating that intrinsic species differences in Na+ and 
K+ channel properties rather than the shape of the applied AP waveforms is responsible for 
differences in Na+ and K+ current stability.  25 
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Fig. 2. Stable Na+ & K+ currents during human action potentials. (A) Voltage command of AP waveform during 
repeated firing was applied to nucleated somatic outside-out patches and somatic sodium and potassium currents 
were recorded (separate experiments). Example currents during AP1, AP5 and AP200 at 40 Hz. Arrows and lines 
depict the relative difference in current amplitude. (B) Mean normalized Na+ and K+ current amplitudes during 
repeated firing for human and mouse neurons for 200 APs (left) and first 5 APs (right). Asterisks indicate 5 
significance of Species:APnumber interaction effect in linear regression model. INa (human: n=16 recordings, 
mouse: n=33 recordings) amp. 1-200: ***p<10-323, amp. 1-5: ***p<10-53, IK (human: n=14, mouse: n=11) amp. 1-
200: ***p<10-45, amp. 1-5: p=0.07. 
 
Voltage-dependence and activation/inactivation kinetics of voltage-gated Na+ channels  10 

To assess which properties of voltage-gated Na+ and K+ currents explain differences in 
AP shape stability during AP trains, we tested steady-state voltage-dependence as well as 
activation and inactivation kinetics of human and mouse voltage-gated Na+ and K+ currents using 
square pulses (Figs. 3,5, S4). Strikingly, both steady-state activation and inactivation curves of 
Na+ currents were right-shifted by respectively 6 and 9 mV towards more depolarized potentials 15 
in human neurons (Fig. 3A,B), indicating that at similar voltages a smaller fraction of Na+ 
current was activated and inactivated in human neurons (Table S1, mean±SD V1/2 in mV, 
activation: human= -32.1±4.9, n=19; mouse=-37.9±4.6, n=15, unpaired t-test, p=0.001; 
inactivation: human= -66.0±7.8, n=18; mouse=-74.8±6.8, n=15, unpaired t-test, p=0.002). At -80 
mV, the average Na+ channel availability measured as relative conductance (G/Gmax) was 20 
0.81±0.16 for human and 0.63±0.21 for mouse (Fig. 3C). This indicates that compared to mouse, 
human neurons have a larger fraction of Na+ channels ready to be activated during the AP 
upstroke.  

The Na+ current during the AP upstroke is also dependent on the rate of channel 
inactivation. To characterize the inactivation rate, we fitted single exponentials to inactivating 25 
sodium currents at different voltage steps (Fig 3D). At all voltage steps, Na+ currents in human 
neurons had slower inactivation time constants than mouse neurons (Fig. 3D). Following an AP, 
availability of Na+ channels for the next AP depends on the rate of recovery from inactivation. 
We fully inactivated channels and used pulses after various recovery voltages and delays to 
assess time course and voltage-dependence of recovery. Human Na+ currents had significantly 30 
faster recovery time constants at all voltages tested (Fig. 3E). Thus, voltage-gated Na+ currents in 
human neurons inactivate more slowly and recover quicker from inactivation than their mouse 
counterparts, which likely results in less accumulation of inactivated channels after an AP (17, 
23) and quicker return to availability to generate the next AP.  

 35 
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Fig. 3. Voltage-dependence and inactivation kinetics of voltage-gated Na+ channels. (A) Na+ currents were 
evoked following prepulses of incrementing negative voltages (left) and during increasing voltage steps (right) in 
mouse (blue) and human (red) neurons. Resulting steady-state activation and inactivation conductance curves show 
a shift to positive voltage for human neurons (middle). Error bars indicate mean ± SEM, black lines are Boltzmann 5 
curves fitted to the data. Inactivation: n=18 human recordings and n=15 mouse recordings; Activation: n=19 human 
recordings and n=15 mouse recordings. (B) Half-activation and half-inactivation voltages are more positive in 
human neurons (Inact.: **p=0.002, unpaired t-test; Act.: **p=0.001, unpaired t-test). (C) Relative Na+ conductance 
availability (G/Gmax) at -80 mV is larger in human neurons (n=17 human recordings and 15 mouse recordings). 
**p=0.006, Wilcoxon rank sum test. (D) Inactivation time constant was longer in human neurons at all membrane 10 
voltages. Inset: example currents with fits and time constants (green)(human: n=19 recordings, mouse: n=15 
recordings). ***p<10-21 for Species effect and ###p<10-7 for Voltage:Species interaction effect in polynomial 
regression model. (E) Example traces of Na+ current recovery at -80 mV plotted at several inter-pulse durations; 
exponential fits to corresponding amplitudes are shown in green. Recovery time constant is shorter in human 
neurons (human: n=19 recordings, mouse: n=15 recordings). ***p<10-7 for Species effect and N.S. p=0.17 for 15 
Voltage:Species interaction effect in linear regression model. 
 
Increased excess sodium charge during AP firing in human neurons 

Our finding that human Na+ channels inactivate more slowly and to a lesser extent is 
surprising, as this may come at a cost in terms of energy use. Na+ channel inactivation halts 20 
sodium influx and prevents excess sodium influx during the falling phase of the AP (17). Excess 
sodium influx is energetically unfavorable since ion gradients need to be restored at the cost of 
ATP (17, 24–26). Given that mouse Na+ channels show stronger inactivation and recover slowly 
from inactivation, we hypothesized that mouse neurons show less excess sodium influx during 
AP firing (Fig. 4). Indeed, in mouse neurons (n=32), the median excess sodium ratio was 2.3 25 
(1.9-2.7), while in human neurons (n=10) it was 3.8 (3.4-4.1, p<10-5, Wilcoxon rank sum test). 
Since it is somewhat counterintuitive that human Na+ channel properties are less optimized to be 
energetically favorable, we hypothesized that these properties may contribute to computational 
aspects of human neurons and further explored this using experiments and modeling.  
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Fig. 4. Increased excess sodium charge during AP firing in human neurons. Left: Sodium current traces during 
AP voltage waveforms in nucleated patches of human and mouse pyramidal neurons. Green and orange shadings 
indicate the sodium charge before and after the AP peak. Right: Violin plot of excess sodium ratio in both species 
(human: n=10 recordings, mouse: n=32 recordings). ***p<10-5, Wilcoxon rank sum test. 5 

 
Voltage-dependence and activation/inactivation kinetics of voltage-gated K+ channels 

Next, we used square voltage step protocols to nucleated patches and isolated voltage-
gated K+ currents (Methods). The data showed that steady-state activation and inactivation 
curves (Fig. 5A) were similarly right-shifted towards more depolarized potentials: 5 mV for 10 
activation and 12 mV for inactivation (Fig. 5B, Table S1, mean±SD V1/2 in mV, activation: 
human=-3.0±5.9, n=13; mouse=-7.9±6.0, n=29, unpaired t-test, p=0.02; inactivation: human=-
52.7±6.0, n=11; mouse=-65.0±5.3, n=26, unpaired t-test, p<10-6). The shift in voltage-
dependence of inactivation resulted in a larger average availability of K+ channels at resting 
membrane potential of human neurons (human: 0.94±0.05, mouse: 0.86±0.06) (Fig. 5C). Human 15 
K+ currents activated faster than mouse K+ currents at most tested membrane potentials (Fig. 
S4B). Inactivation of K+ currents had a fast- and slow-inactivating component, which were both 
comparable between species (Fig. 5D). Maximally inactivating K+ currents and then applying 
recovery pulses at -80 mV with various delays showed that, although recovery time constants 
were similar between species, human K+ currents recovered to a larger proportion of the initial 20 
amplitude than their mouse counterparts (Fig 5E), suggesting that part of the mouse K+ current 
recovered at much slower rate. Thus, although inactivation and recovery from inactivation 
kinetics of K+ currents were similar between species, a large right-shift of steady-state 
inactivation resulted in higher K+ channel availability. Moreover, a larger recovery from 
inactivation is likely to aid repolarization during repeated firing in human neurons.  25 
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Fig. 5. Voltage-dependence and inactivation kinetics of voltage-gated K+ channels. (A) K+ currents were evoked 
following prepulses of incrementing negative voltages (left) and during increasing voltage steps (right) in mouse 
(blue) and human (red) neurons. Resulting steady-state activation and inactivation conductance curves show a shift 
to positive voltage for human neurons (middle). Error bars indicate mean ± SEM, black lines are Boltzmann curves 5 
fitted to the data. Inact.: n=11 human recordings and n=28 mouse recordings; Act.: n=13 human recordings and 
n=29 mouse recordings. (B) Violin plots of half max-(in)activation voltages of individual Boltzmann fits ***p<10-6, 
unpaired t-test; *p=0.02, unpaired t-test). (C) Relative K+ conductance availability (G/Gmax) at -80 mV is larger in 
human neurons (n=11 human recordings and 28 mouse recordings). **p=0.001 (D) Left: examples of double 
exponential fits to inactivating K+ current traces, yielding fast and slow time constants. Right: Fast and slow K+ 10 
current inactivation time constant versus voltage (n=13 human recordings and 29 mouse recordings). Fast inact.: 
**p=0.005, Slow inact.: ***p=0.0004, Species effect in linear regression models. (E) Example traces of K+ current 
recovery at -80 mV at several inter-pulse durations. Red lines indicate response to first pulse. Right, Top: K+ current 
recovery time courses after recovery at -80 mV with several delays (n=12 human recordings and 14 mouse 
recordings). Right, Bottom: violin plots for fast and slow recovery time constants. N.S.: not significant, Wilcoxon 15 
rank sum test. 
 
 
 
 20 
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Human voltage-gated channel properties support stable AP kinetics 
Can the differences of voltage-gated Na+ and K+ current properties explain the 

differences in stability of the AP and underlying currents in human and mouse neurons? To test 
this, we simulated the AP command-voltage clamp experiments with Hodgkin-Huxley (HH) 
conductance-based models for voltage-gated Na+ and K+ channels with properties determined 5 
from experimentally observed steady-state curves and transition rates of both species (Fig S5, 
Table S2). To isolate the role of conductances in AP generation the HH-channel models were 
implemented in single compartment models containing either human or mouse channels (Fig. 
6A). Computational simulations with human ion channels showed more stable voltage-gated Na+ 
currents during the first 5 consecutive APs (Fig. 6A,B). Although the model replicated voltage-10 
gated K+ currents less well, it showed that similar to the experiments, there were no significant 
differences between human and mouse K+ currents during the first 5 consecutive APs (Fig. 6C). 
To examine which specific features of the ion channel cause the differences in Na+ current 
stability, we altered mouse Na+ channel models by stepwise replacing Na+ channel properties 
with those of human Na+ properties and monitored Na+ current stability. Endowing mouse Na+ 15 
channels with human Na+ channel activation-related properties did not result in stable Na+ 
current properties of human neurons. In contrast, endowing mouse Na+ channels with 
inactivation properties of human Na+ channels produced stability of Na+ currents during repeated 
AP firing replicating the experimentally recorded properties in human neurons (Fig. 6D). Both 
steady-state voltage-dependence (G/Gmax) as well as time constants of inactivation and recovery 20 
contribute to this effect. This suggests that the slow Na+ channel inactivation and fast recovery 
from inactivation are critical for Na+ current stability in human neurons. 

Next, we asked whether voltage-gated Na+ and K+ channel properties predicted from the 
current recordings support AP shape stability. To this end, we simulated AP firing by HH-based 
single compartment models with varying fractions of human and mouse voltage-gated Na+ and 25 
K+ channels, with constant total channel densities. Both Na+ and K+ channel properties of human 
neurons result in more stable APs. Gradually replacing mouse Na+ and K+ channels with their 
human counterparts increased the speed of both the rise and falling phase of APs (Fig. 6E-F). 
The amplitude of APs also increased with increasing fractions of human Na+ and K+ channels 
relative to mouse channels. Experimentally, however, amplitudes of the first AP did not differ 30 
between species (Fig. 1). One explanation for this discrepancy between model and experiment 
could be that the peak conductance densities are distinct between species. Simulating membrane 
conductance densities at different fractions of human and mouse voltage-gated Na+ and K+ 
channels showed that with larger fractions of human channel properties lower conductance 
densities were required (Fig. 6G). We next measured experimentally the conductance densities of 35 
pharmacologically isolated Na+ or K+ currents in nucleated patches from human and mouse 
neurons. Remarkably, both Na+ and K+ conductance densities were lower in human neurons 
compared to mouse neurons (Fig. 6H, Table S3, mean ± SEM pS*µm-2: human Na+ 5.9±0.8; 
n=17 recordings, mouse Na+ 13.4±1.2; n=15 recordings, human K+ 31.2±4.2; n=13 recordings, 
mouse K+ 43.5±2.8; n=24 recordings). This experimental data confirms the differences in current 40 
densities obtained in the model fits (6G). Next, we updated the HH models with the obtained 
fitted channel densities in the models for each specific combination of channel fractions. The 
simulations revealed that the shape of the first AP was now similar between mouse and human 
conductance-based models (Fig. 6I), as observed experimentally (Fig. 1C). Rise and fall speeds 
as well as amplitudes of APs were more stable in models based on increasingly human Na+ 45 
channel properties. Human K+ channel properties did not improve AP stability during the first 
five APs. (Fig. 6I-J), but did so after 200 APs (Fig S6). Thus, improved stability of AP shape in 
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human neurons can be explained by properties of their voltage-gated Na+ and K+ channels, 
despite lower channel densities.  

 

Fig. 6. Human voltage-gated channel properties support stable AP kinetics. (A) HH models of human and 
mouse somatic Na+ and K+ channels based on fits to experimental data. Example traces of simulated Na+ and K+ 5 
currents during AP command voltage-clamp experiment. (B,C) Relative amplitudes of simulated and experimentally 
recorded Na+ and K+ currents. (D) Na+ current stability in different hybrid mouse-human Na+ channel models: 
stepwise changing different activation and inactivation properties of Na+ channels from mouse to human results in 
Na+ current stability (current amplitude at fifth AP / current amplitude at first AP). (E) Active AP firing model with 
variable fractions of human and mouse Na+ and K+ channels. Example traces of first AP, fifth AP and derivative of 10 
the fifth AP for various human proportions for Na+ (top) and K+ (bottom) channel simulations. (F) Human/mouse 
channel fractions affect rise (left) and fall (right) speeds of the fifth AP relative to the first AP. Asterisks indicate 
results near (±0.02) experimental means from Fig.1D. (G) Na+ and K+ conductance densities at different 
human/mouse channel fractions. (H) Experimentally recorded Na+ and K+ conductance densities in nucleated 
patches of human and mouse neurons (Na+ human: n=17 recordings, Na+ mouse: n=15 recordings, K+ human: n=13 15 
recordings, K+ mouse: n=24 recordings) (I), (J) Active AP firing HH-model as in (E). (F) but with matched best-fit 
channel densities from (G). 

 
Human ion channel properties and Na+ channel availability support fast input-output conversion 
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Ongoing synaptic transmission results in dynamic sub-threshold dendritic membrane 
potential changes that may or may not be encoded into AP output (27). The extent to which the 
fine temporal structure of membrane potential changes can be encoded, i.e. how large the 
bandwidth is of the neuronal transfer function, depends on the stability of AP rise speed 
properties (10). Could the identified biophysical features of human Na+ and K+ channels underlie 5 
the unique encoding properties in human pyramidal neurons (11)? To assess the contribution of 
human and mouse voltage-gated Na+ and K+ channel properties to the bandwidth of the input-
output function of human and mouse neurons, we applied sub-threshold membrane potential 
changes with varying frequencies to the HH-conductance models with human and mouse Na+ 
and K+ channel properties. Model neurons were injected with a DC depolarization to generate 10 
APs at frequencies of ~12.5 Hz. On top of the DC component, model neurons received 
subthreshold sinusoid input currents of increasing frequencies and a Gaussian noise component 
(Fig. 7A). For each AP, we determined its timing relative to the phase of the injected 
subthreshold sinusoidal waveform. To quantify phase-locking of AP timing to the sinusoidal 
input, we generated peri-stimulus time histograms (PSTH) for different sinusoidal input 15 
frequencies and calculated the amplitude relative to its mean (M/R) of the best-fit sinusoid to this 
histogram (Fig. 7B). At similar firing rates in simulations with human and mouse channel 
properties, M/R was larger, e.g AP phase-locking was stronger, in models with human channel 
properties across all frequencies (Fig 7C). When the DC input current level was decreased in the 
model with mouse channel properties, the firing rate dropped to ~9 Hz and M/R recovered in the 20 
lower frequency range. The cutoff frequency was defined as the input frequency at which the 
phase-locking (M/R) drops below 0.4. Strikingly, this cutoff frequency was 73 Hz in the model 
based on human channels, nearly 2-fold higher than 38-42 Hz we obtained in models with mouse 
channels (Fig 7C).  

Since Na+ current properties were largely responsible for stable AP shapes in human 25 
neurons (see above), we asked whether species differences in Na+ channel inactivation properties 
would affect the bandwidth of AP phase-locking to input frequencies. To answer this, we 
quantified for each individual AP the average fraction of sodium channel availability for 
activation (h, see Methods) in the 2 ms preceding AP onset, as well as the AP timing relative to 
the input sinusoid (Fig. 7D,E). The fraction of available sodium channels (h) just before the AP 30 
was substantially higher in model simulations with human Na+ channel inactivation properties 
(Fig. 7E, median human h = 0.55; median mouse h = 0.45). For both human and mouse Na+ 
channel property models, APs that had above median Na+ channel availability (h) values just 
before onset were more strictly timed to the input sinusoid than APs with low h values (Fig. 7E). 
Thus, larger sodium channel availability improves phase-locking of AP timing. To test whether 35 
sodium channel availability also affected the bandwidth of phase-locking, we varied h values in 
HH-model simulations by varying the relative proportions of voltage-gated channels with human 
and mouse properties. Increasing the fraction of channels with human properties increased the 
cutoff frequency of AP phase-locking to sinusoidal inputs to higher frequencies (Fig. 7F), 
thereby increasing the bandwidth of the input-output transfer function. Thus, properties of human 40 
voltage-gated Na+ and K+ channels support AP shape stability and contribute to improved input-
output function of human neurons. 
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Fig. 7. Human ion channel properties and Na+ channel availability support fast input-output conversion. (A) 
Input current components of AP firing HH-model simulations (top traces, DC component not depicted) and example 
output traces (bottom traces, input frequency 5 Hz). (B) PSTHs of APs timed within the sinusoid cycle. Grey lines: 
sinusoidal fit to histogram; Black lines: Input sinusoidal current. Arrows indicate mean R and amplitude M of fitted 5 
sinusoid, which determine degree of phase-locking (M/R). (C) Phase-locking as function of input frequencies for 
human and mouse Na+ channel models. Arrows indicate cutoff frequencies. Hatched blue line: mouse Na+ channel 
simulations with same input current as human Na+ channel simulations. Solid blue line:  mouse Na+ channel 
simulations with input current adjusted to AP rate ~13 Hz (D) Example traces of Na+ channel availability (h) 
resulting from a sinusoid input with added noise. Pre-AP Na+ channel availability is calculated as mean of h during 10 
0.8-.2.8 ms before the AP peak (green boxes). (E) Relative timing of APs to sinusoids at cutoff frequency observed 
in human (left, input frequency 76 Hz) and mouse (right, input frequency 44 Hz) HH-model simulations with below 
and above median pre-AP h values. Middle panel: Distributions of pre-AP h values of all APs in human and mouse 
channel-based HH-model simulation. (F) HH-model simulations with different fractions of human and mouse 
voltage-gated channel properties. 15 
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Discussion 
 

In this study, we identified biophysical mechanisms that underlie fast and stable input-
output properties of human pyramidal neurons during repeated AP firing. Both Na+ and K+ 
currents had right-shifted steady-state voltage-dependence compared to mouse pyramidal 5 
neurons. Voltage-gated K+ currents in human neurons activated faster and showed more recovery 
from inactivation. Voltage-gated Na+ currents showed slower, and reduced inactivation and 
faster recovery from inactivation. With model simulations we showed that this resulted in larger 
functional availability of Na+ channels to maintain fast AP onset. Increased availability of Na+ 
channels enable human neurons to time APs to faster subthreshold membrane potential changes, 10 
providing these neurons with a larger bandwidth input-output transfer function. These findings 
provide mechanistic insights into how Na+ and K+ channels give rise to fast input-output 
conversion in human pyramidal neurons, the computational building block of the brain.  

The rate of AP onset is an important determinant of the ability of neurons to time their 
AP to inputs (10, 12, 28). Properties of voltage-gated sodium channels that favor larger 15 
availability of activatable sodium channels are therefore ideally placed to support fast input-
output processing. However, voltage-gated sodium and potassium channels are not the only 
factors. Several recent studies have identified human neuron properties that contribute to fast 
input-output processing. Firstly, large dendritic structure of human neurons increases dendritic 
conductance load and improves AP onset kinetics and phase-locking to high input frequencies 20 
(28), which was later also confirmed for realistic human morphologies (18). Secondly, human 
pyramidal neurons unlike rodents express HCN channels in both human pyramidal neurons (29) 
and fast-spiking interneurons (30) and these channels help speed up the time course at which 
synaptic inputs arrive at the soma. Lastly, the duration of distal dendritic spikes is dramatically 
shorter in human neurons when compared to other mammals (31).  25 

Sub-millisecond AP timing is not unique in nature. Spike timing with a temporal 
resolution smaller than the time scales of sensory and motor signals, even at sub-millisecond 
levels, encode significant amounts of visual information in the fly visual system (6). Subcortical 
neurons in the auditory system neurons can phase lock their firing to auditory frequencies up to 
~1 to 2 kHz (32–34). However, it is surprising that the large pyramidal neurons in L3 of the 30 
human temporal association cortex can time APs with sub-millisecond resolution. It is likely that 
in evolution several cellular and biophysical adaptations have occurred in human cortical 
neurons that work in concert to support a fast input-output processing that reliably converts 
synaptic inputs into timed AP output.  

Although there is strong supporting evidence that both AP stability and phase-locking are 35 
associated with human cognitive performance (18–20), it is currently not known how exactly 
these cellular features contribute to improved network function. However, a recent study found 
that AP speed and dendritic size of human neurons are related to individual differences in 
functional network integration (35). Furthermore, the faster time-course of inputs together with 
the ability to reliably convert them to outputs must result in a faster total signaling speed, which 40 
would add up cumulatively during network computations. Indeed, the reaction time of 
individuals is negatively correlated to their intelligence (36), suggesting that processing speed 
plays an important role in cognition. A recent study found that a network model with human-like 
fast synaptic recovery speeds performed more accurately than a model with rodent like slow 
synaptic recovery (37), indicating that fast and frequent computations might contribute to 45 
improved network function. The fast recovery from inactivation we observed in human sodium 
channels leads to larger sodium channel availability, which will further speed up processing in 
neuronal networks, since it facilitates rapid AP induction in response to synaptic depolarization. 
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The ability of human neurons to reliably encode highly dynamic subthreshold membrane 
potential changes with increased reliability in spike timing may allow human neuronal networks 
to encode information more sparsely (38). Although sparse coding has not been compared 
between humans and rodents, a recent study found that neighboring neurons in human cortex fire 
less synchronously than in monkey (39), suggesting extraordinary sparse coding in human 5 
cortex. Indeed, concept neurons in human medial temporal lobe typically respond sparsely, to 
about 0.5% of concepts (40). This would not only increase the number of concepts that can be 
encoded by a neuronal network (41), but would also make the encoding more energy efficient 
per concept. Thereby there could be a trade-off between energy efficiency at the single neuron 
level versus energy efficiency at the neuronal network and concept level. We found that reduced 10 
Na+ channel inactivation and faster recovery from inactivation in human neurons go together 
with a larger excess influx of sodium during AP firing. While slow or incomplete inactivation of 
voltage-gated sodium channels during an action potential leads to increased sodium influx and is 
energetically wasteful (17, 23, 24, 26), we here found that these Na+ channel properties enable 
fast input-output processing and improved AP timing to synaptic input. This suggests that while 15 
these inactivation dynamics improve information encoding they come at a cost of metabolic 
efficiency. Recent evidence has shown that such a tradeoff exists, since mouse neurons reduce 
their coding precision to save energy during lack of caloric intake (42). At the neuronal network 
level, coding precision that improves bandwidth and content may allow networks to encode with 
fewer neurons, and thereby overall spend less energy. 20 

Our results show that Na+ and K+ currents in human neurons have substantially different 
properties than mouse neurons. Candidate molecular mechanism explaining these differences 
could be differential expression of Na+ and K+ channel subunits in mouse versus human neurons. 
Proteomic studies have shown that in hippocampal synapses several alpha and beta subunits of 
sodium channels are differentially expressed between rodents and primates (43). Genes encoding 25 
voltage-gated Na+ and K+ channels are highly conserved (44). However, functionality of the 
pore-forming alpha subunits can be modulated in several manners, such as auxiliary beta 
subunits, phosphorylation (45, 46), cytoskeleton anchoring and splicing factors (47). Although 
the molecular basis for the adaptations of Na+ and K+ channel to support fast input-output 
processing in human is currently unknown, the HH-conductance-based channel models we used 30 
to fit human Na+ and K+ currents do provide clues pointing to voltage-sensitivity and rate of 
inactivation properties. 

Despite an increased availability of activatable channels, we did observe a reduced 
density of Na+ and K+ conductance in human neurons. This is in line with recent work which 
found that human cortical neurons have exceptionally low K+ and HCN conductance compared 35 
to 9 other mammalian species (31). Without biophysical adaptation of sodium and potassium 
channels, a reduced density of sodium and potassium channels would have dramatic 
consequences for neuronal excitability: an elevated threshold for AP firing and slower input-
output processing (8). However, our findings on biophysical adaptations can explain why human 
neurons are not silent and have fast and stable input-output processing: right-shifted inactivation 40 
curves to more depolarized membrane potential values, reduced inactivation and recovery from 
inactivation provide a larger proportion of Na+ and K+ channels available for activation at resting 
membrane potential. Our simulations show that these properties compensate the reduced 
conductance density in human neurons, and are vital to understand human cortical function from 
its neurons up (48, 49). 45 
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