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Dendritic Spines as Space Charge Limited Devices 

Abstract 

Gap junctions are essential for the synchronization of neural oscillations among 

populations of neurons. These neural oscillations are correlated with various behavioral 

states in wakening and sleep, but their role in cognitive processes and their underlying 

mechanisms are not well understood. In particular, it is yet unknown why the auditory 

steady state response (ASSR) is enhanced at frequencies of about 20 & 40 Hz. 

Here we suggest treating electrically coupled dendritic spines as space charged limited 

(SCL) devices. The main conduction mechanism in these devices is electrical drift rather 

than diffusion. The frequency response of two dendritic spines, electrically coupled by a 

gap junction, is characterized using an existing small-signal model for the frequency 

response of a SCL device. We reconstruct the human ASSR curve as a linear combination 

of the frequency responses of three charge carriers. These charge carriers are suggested 

to be potassium and sodium ions drifting through the gap junction, and potassium ions 

drifting through the spine neck. The suggested passage times for these charge carriers are 

23.2, 30.8 and 46.7 ms. The resulting peak at 40 Hz is robust to 200% variations in the 

gap junction conduction, as required in a noisy physiological environment and in 

accordance with experimental findings. The suggested model yields several experimental 

predictions, which shall enable its validation. 

1. Introduction 

1.1 The auditory steady state response 

The auditory steady-state response (ASSR) is a remarkable neurophysiological phenomenon. 

Rhythmical auditory stimuli at various frequencies elicit a time locked steady-state neural 

response, which peaks in amplitude for a stimulus frequency of about 40 Hz [1]. ASSRs can be 

elicited by a variety of periodic stimuli such as clicks, pure tones, and amplitude or frequency 
modulation of continuous sounds [2]. They are astonishingly well time-locked to the eliciting 

stimulus [3]. 

The ASSR originates from multiple generators, including the primary and secondary auditory 

cortices [4]. Since its identification in 1981 [5], the cause of the enhanced response for ~40 Hz 

stimulation has been intensely debated [1,3,5-7]. It has been suggested to reflect a resonance 

phenomenon indicating the preferential working frequency of the auditory network [1,6-7], but 

its underlying mechanisms are unknown. 

Ross et al. [8] measured the MEG ASSR of eight human subjects to an AM stimulus in the 10-

100 Hz range. They found a clear phase-locking to the first and second harmonics of the given 

stimulus, peaking at ~22 and 40 Hz. This curve (figure 1) was obtained by normalizing the 

ASSRs of eight subjects according to their amplitude at 40 Hz. The ~20 Hz peak was higher 

than the 40 Hz peak in two of the eight subjects. The 40 Hz peak was conserved in frequency 

among all eight subjects, whereas the ~20 Hz peak exhibited inter-individual variations of up 

to ~10 Hz. A third peak at ~80 Hz was much weaker yet statistically significant. 

 



 2 

 

Figure 1 - Grand-averaged ASSR at the stimulus frequency, and its first and 
second harmonics, normalized by 40 Hz ASSR. Copied from [8]. 

Similar peaks at ~20, ~40 and ~80 Hz were reported later by Artieda et al. [6]. Moreover, the 

frequency spectrum of subthreshold oscillations in a slice of the thalamic nucleus of Zebra 

Finch birds (involved in their song system) revealed similar three peaks, at cruder spectral 

resolution [9]. In the visual modality, the neural response to flickering stimuli at 1-100 Hz 

exhibited peaks at ~10, ~20, ~40, and ~80 Hz, in both cats [10] and humans [11]. Thus, the 

enhanced sensitivity to ~20, ~40 and ~80 Hz stimuli seems to be multimodal [12]. Its similarity 

in different vertebrates is congruent with the similar spectra of neural oscillations among 

vertebrates [13]. 

1.2 The neural origin of ASSR 

Magnetoencephalography (MEG) is used to measure the tangential magnetic fields formed 

along the scalp. These fields are proportional to the net radial component of the electrical 

currents in the head. The dominant contribution to MEG signal stems from post-synaptic 

currents in the apical dendrites of cortical pyramidal neurons [14]. This is due to the radial 

orientation of apical dendrites [14] and the significant dipolar component of post-synaptic 

currents [14-15]. Human pyramidal dendrites are densely populated with dendritic spines [16], 

which account for up to half of the dendritic membrane area [17]. As the electrical function of 

dendritic spines is yet unclear [17-18], it has been recently suggested that they filter post-

synaptic potentials [18]. This is congruent with an earlier finding in electric fish [19], that 

spiny pyramidal neurons are selectively sensitive to ~5 Hz stimuli whereas non-spiny neurons 

are non-selective. 

In non-pyramidal neurons, the dendritic spines of neighboring neurons are sometimes 

electrically coupled by a gap junction [20-21]. The neural role of gap junctions is yet unclear 

[22-23]. Misexpression of a neural gap junction protein named Cx36 impairs neural 

oscillations in the ~30-70 Hz range, while sparing neural oscillations in other frequency bands 

[20-21,24-28]. This finding along with others support a role for gap junctions in the 

synchronization of neural oscillations [22-23,27,29-30]. 
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1.3 Space-charge-limited devices 

This work attempts to harness an existing small signal model [31-33], describing the frequency 

response of a one-dimensional space-charge-limited (SCL) device, to reconstruct the ASSR 

curve measured at [8]. In SCL devices the dominant conductance mechanism is electrical drift 

and not diffusion. Consequently the characteristic relaxation time τ is dependent on the passage 

time Ta of a charge carrier through the device (τ ≈ 1.38 Ta). This passage time can be calculated 

using the following approximate equation: 

(1) 
2

a
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d
T

V µ
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⋅
 

Where d is the device length, Vapp is the applied DC voltage and µ the charge carrier mobility. 

We first empirically determined the passage times that yield a frequency response similar to 

that measured in [8]. As demonstrated in section 2.2 below, this response can be reconstructed 

using three charge carriers with passage times of 23.2, 30.8 and 46.7 ms. Given the typical 

amplitudes of sub-threshold oscillations in membrane potential and the mobilities of the main 

intracellular charge carriers (mainly K
+
 ions), we can thereby bound the typical length of the 

desired neural structure to ~1-3 microns. 

Dendritic spines fit this length scale, and were found to exhibit much slower diffusion rates 

than dendrites [34]. We thus suggest a simplistic model treating dendritic spines as SCL 

devices. 

2. Model 

2.1 Outline 

Let two dendritic spines be electrically coupled by a single gap junction. Each spine belongs to 

the apical dendrite of a pyramidal neuron. Both spines and shafts are assumed to be held at the 

same resting potential. At t=0 one of the spines (A) undergoes a single EPSP, taken as an 

instantaneous change in local sodium and potassium concentrations at its PSD. Consequently, 

sodium ions drift from spine A to spine B through the gap junction, while potassium ions drift 

in the other direction. In addition, potassium ions drift from the dendritic shaft towards the 

head of spine A, via the spine neck. We treat this movement as having two SCL devices 

connected in parallel: one device corresponding to drift through the gap junction, and the other 

corresponding to the drift through the spine head and neck. The lengths of these devices are 

illustrated in figure 2: 
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Figure 2 – Electrically coupled dendritic spines of human pyramidal neurons as 

SCL devices (Scale 5000:1). 

The measurements of the dendritic spines dimensions are taken from [35] whereas the 0.16 µm 

figure is pure guess, as elaborated below. Using equation (1) we calculated the potential 

gradients that will yield the required passage times. First, for the potassium ions flowing 

through the gap junction: 

(2) 
( )

2

2
42

2 4

sec / sec

1.08 10
0.635

2.32 10 7.92 10

cmJ
mVGJ K

a K K cm V

d
V

T µ
+

+ +

−

− −−

− ⋅

⋅
= = =

⋅ ⋅ ⋅ ⋅
 

 

Similarly, for the sodium ions flowing through the gap junction in the other direction: 
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Finally, for the potassium ions flowing up the spine neck and head: 
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We got different voltages for the K
+
 ions through the gap junction and the spine neck. This 

result does not conform to our assumption that both dendrites and spines initially shared the 

same resting potential. This discrepancy may be resolved if we take the length of the first 

device to be 1.13 µm rather than 1.08 µm. This assumption conforms to the fact that the gap 

junction is only spread across a disc of ~0.2 microns diameter [36]. If we allow the center of 
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this disc to reside about 0.26 µm below the top of the spine head, as illustrated in figure 2 

above, we get an effective device of length 1.13 µm. The voltages through the gap junction for 

the K
+
 and Na

+
 ions will then be 0.69 and 0.76 mV, respectively. These voltages are similar to 

those measured for a single EPSP in the dendritic spines of mice:  0.07 ± 0.86 mV [37]. 

2.2 ASSR reconstruction 

The passage times of the three charge carriers were so chosen to best match the ASSR curve 

measured at [8]. Specifically, each charge carrier contributes the following term to the small-

signal susceptance per unit area: 
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� �  and J0 is the DC current density. We subtract the asymptotic 

susceptance at high frequencies (gθ/3) to obtain an all-negative susceptance, reflecting a 

capacitative device [31-33].  

Taking the passage times Ta of the three charge carriers to be 23.2, 30.8 and 46.7 ms, with 

conductance (g) ratios of 3.2 : 1.5- : 1  in favor of the fastest charge carrier (Ta =23.2 ms) yield 

the normalized susceptance curve plotted in figure 3. 

Figure 3 – Reconstruction of the ASSR curve from [8] using three charge carriers 
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Note that the secondary charge carrier, with Ta=30.8 ms, partially cancels out the contributions 

of the primary and tertiary charge carriers. In our model this corresponds to Na
+
 ions drifting 

out of the head of spine A while K
+
 ions drift in. 

The secondary peak at ~20 Hz is 72% the height of the ~40 Hz peak, versus 67±22% measured 

in [8]. The local trough at ~27 Hz is 65% the height of the ~40 Hz peak, versus 57±15% 

measured in [8]. The ~80 Hz peak is significantly higher than that measured in [8]. 

The MEG ASSR reflects the overall contribution of an ensemble of dendritic spines, of various 

shapes and synaptic strengths, over millions of apical dendrites. Thus the average dimensions 

of dendritic spines, as measured in [35], are expressed in the ASSR curve, via eq. (1). 

2.3 Robustness 

The proposed frequency response is dependent on the typical passage time of each charge 

carrier, and the conductance ratios between them. Let's probe the robustness of the proposed 

response to variations in these parameters. First, let's see how the frequency response varies as 

we double or half the conductance of each charge carrier (figure 4).  

Figure 4 –Robustness of the proposed solution to 200% variations in the 

conductance of each charge carrier 

We see that the ~40 Hz peak is conserved under 200% variations in conductivity. The ~20 Hz 

peak is conserved in frequency and amplitude to a lesser degree. Considering the 

developmental variations in gap junction conductance [36], this variation is compatible with 

the inter-individual differences found in [8]. 
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There is also lesser robustness to variations in the passage times of each of the three charge 

carriers. Figure 5 illustrates the resulting variations in frequency response as each of the 

passage times is multiplied or divided by 1.25: 

Figure 5 – Robustness of the proposed solution to 25% variations in the passage 

time of each charge carrier 

According to eq. (1), the typical passage time of each ion is in itself a function of its mobility, 

the device length and the voltage upon it. The ion mobility is spatially uniform, at least 

according to the model assumptions (see next section). We expect the variance in spine length 

and diameter to average out across an ensemble of dendritic spines. This averaging holds both 

for a single pyramidal neuron, populated with thousands of spines, and for the MEG signal 

which stems from the synchronized activity of millions of neurons [14-15]. However, the 

voltage upon the device decays as time elapses from the EPSP initiation. The voltage is 

expected to vary uniformly over both devices, thus the voltage variation should induce a 

corresponding variation in the typical passage times of a given ion through both devices. For a 

slow voltage decay (100 ms or more [38]), we have to convolve the voltage decay with the 

frequency response for a fixed voltage. We expect a broadening of the frequency response 

peaks which shall be proportional to the voltage variation: 

(6) appresonance
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2.4 Assumptions 

The model we use is based on the following set of assumptions: 

2.4.1. The diffusion current is negligible with respect to the drift current 

The key assumption in treating a device as space-charge-limited is that electrical drift is the 

main conduction mechanism through it. In the case of dendritic spines, this assumption is 

based on the finding that the rate of diffusion from the spine head to the dendritic shaft is 

considerably slower (up to 500 fold) than that measured in the dendrite itself [34]. Let's assume 

that diffusion through the dendritic spine is α times slower than in plain cytosol, and find the 

voltage difference for which the diffusion current is negligible with respect to the drift current. 

Let p be the K
+
 concentration in the device. Expressing the drift and diffusion currents: 

(7) ;
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Demanding the diffusion current to be negligible with respect to the drift current, and plugging 

the Einstein relation: 
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Similarly, replacing the local concentration gradient with its mean value over the entire 
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dp p
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Thus our demand simplifies to: 
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A PSP is expected to moderately affect the local potassium concentration with respect to its 

dendritic concentration 1
p

p

∆
< : 
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Specifically for α = 100 we obtain: 

(13) 
?

0.27appV mV�  

Thus, already for rather small voltages, the drift current is the dominant conduction mechanism 

for potassium ions in dendritic spines. The same treatment holds for sodium ions, with the 

upper bound 1
p

p

∆
<  becoming tight for sodium ions [38]. Note that the assumption that 
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diffusion is significantly slower in dendritic spines than in the cytosol is essential – if α = 1 

than the diffusion current cannot be neglected for any sub-threshold voltage. 

Thus we found that electrical drift is the dominant conduction mechanism for the sub-threshold 

voltages treated in this work (see eqs. 2-4). The diffusion current cannot be neglected in the 

intercellular solution and in other neural regions. 

2.4.2. Inter-ionic interactions are neglected 

This analysis does not treat the injection mechanism of ions into the device. Nor do we take 

into account direct interactions between the ions in the device. 

2.4.3. Diffusion model 

For the diffusion model to be valid, the characteristic time between consecutive scatterings of 

ions with water molecules has to be much shorter than the typical timescale of variations in the 

electric field. As we treat an electric field varying at frequencies lower than 1 KHz, this 

condition is held to be valid. 

2.4.4. Linear device response 

The decomposition of the input voltage into a large DC signal and a small AC signal is based 

on the linearity of the device (for which a harmonic signal is an eigensignal of the system). 

Accordingly, the electrical transmission through cortical gap junctions is linear, at least up to 

intercellular voltages of up to ±40 mV [39-40]. Specifically, both types of neural gap junction 

proteins - connexin Cx36 [40] and pannexin Px1 and Px2 [41] – respond linearly to voltages of 

up to ±40 mV. 

2.4.5. Neglecting higher harmonics 

As usual in small signal analysis, we use the adiabatic approximation according to which 

higher order harmonics are averaged out during the timescale of the slower small signal 

variations. Thus these terms are neglected in the total device response. 

2.4.6. Frequency independent mobility 

For the simplicity of our analysis, we assume that the ionic mobilities through the device are 

independent of the frequency and magnitude of the electrical field. We may expand the 

analysis to take into account a frequency-dependent mobility, as done for instance in [32], but 

for the low frequency range probed in this work this extension is assumed to be unnecessary. 

2.4.7. The ions entrance velocities are neglected 

For the simplicity of our analysis, we neglect the velocity of the ions at the entrance(s) to our 

device(s). The analysis may be extended to take this parameter into account as well. 

2.4.8. Spatially uniform mobilities and dielectric constant 

This analysis is based on the assumption that the ion mobilities and dielectric constant are 

uniform along the entire device(s). Specifically, we take the ion mobilities to be identical for 

the dendritic spine head and neck, and neglect the variation in mobility along the gap junction 

[42]. As the gap junction length is negligible with respect to the head diameter of the spine, this 

assumption is not expected to significantly affect the analysis results. 
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3. Discussion 

3.1 Reservations 

Currently there are several deficiencies in the simplistic model suggested here. 

First, the model is based on the common electrical coupling between dendritic spines in 

neighboring pyramidal apical dendrites. Unfortunately we could not find an estimate for the 

propensity of such coupling, possibly since pannexin gap junctions, which couple pyramidal 

neurons, were only identified in humans by 2003 [41]. Examples for the synchronization of 

neural oscillations via electrical coupling between dendritic spine heads for non-pyrmidal 

neurons may be found at [20-21]. 

Moreover, we assumed that diffusion is uniformly impeded across the dendritic spine – head 

and neck alike. If diffusion is locally obstructed in the spine neck, we cannot treat the spine 

head as a SCL device as done here. The experimental evidence we have traced [18,34,38] does 

not determine whether diffusion is obstructed only in the spine neck. Lateral diffusion of 

AMPA receptors along the dendritic membrane has been shown to be slowed in neck-less 

dendritic spines as well as in spines with necks [43], suggesting that this lateral diffusion is 

impeded in the spine head as well. Further experimental findings are required in order to 

resolve this matter. 

In addition, we do not have any direct experimental finding linking the ~20 Hz peak in human 

ASSR with the suggested drift of K
+
 ions from the dendrite to the spine head. Nevertheless, the 

fact that misexpression of connexin-36 gap junctions impairs neural oscillations only in the 

~30-70 Hz range [24-28] is congruent with the assumption that the ~20 Hz peak does not 

reflect the flow of ions through the gap junction. 

As noted above (section 2.3), one has to convolve the suggested frequency response for a fixed 

voltage with the temporal profile of voltage decay in the dendritic spine head following a 

EPSP. Exchanging the voltages found in eqs. (2-4) with realistic voltage intervals will be 

expressed as a broadening of the frequency response peaks, which shall be proportional to the 

voltage variation, in accordance with eq. (6). 

In this work we took into account only three charge carriers, as these sufficed to reconstruct the 

frequency response measured in [8]. For the completeness of our model we have to take into 

account a fourth charge carrier, namely the drift of sodium ions from the dendritic spine head 

towards the dendritic shaft. The contribution of this component is expected to be rather minor 

compared to those of the three charge carriers we considered. We disregarded the contribution 

of chloride ions for the following reasons: 

A. An influx of chloride ions, from the extracellular solution into the spine, is unlikely due to 

relative absence of inhibitory Cl
-
 channels on dendritic spines. 

B. The intracellular chloride concentration is rather low with respect to that of potassium. 

C. The mobility of potassium ions is similar to that of potassium ions, suggesting that any 

contribution of Cl
-
 current will be overshadowed by that of K

+
 ions [44]. 

The intracellular concentration of calcium ions, even in dendritic spines, is too low to attribute 

a significant direct influence on the measured frequency response. Other charge carriers may 

be neglected, for the present accuracy level of our model. 

Finally, the measurements we used of dendritic spines lengths were taken from human basal 

dendrites [35]. We assume these values are also valid for dendritic spines in apical dendrites, 

but we could not find any studies confirming this assumption. 
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3.2 Predictions & conclusions 

Several experimental predictions can be produced from the suggested model, which shall 

enable its validation. A key prediction is that the ratio between the primary and secondary 

ASSR peaks approximately equals the squared ratio between the spine length (head + neck) 

and its diameter. This prediction is compatible with the fact that cognitive dysfunctions 

associated with disruptions to the spectra of neural oscillations [45], such as schizophrenia and 

epilepsy, are also associated with distortions in the shapes and sizes of dendritic spines [46]. 

Yet this correlation does not necessarily imply a direct causal link between the two – possibly 

defects in the mechanisms that are actually responsible for neural oscillations lead to dendritic 

spine deformation. 

Hence we may compare the dimensional ratio (length/diameter) of dendritic spines in different 

species, to the frequency ratio of neural oscillations (primary/secondary ASSR peak 

frequencies) in the same species. We calculated the dimensional ratios for the dendritic spines 

of humans and mice, as measured in [35]. While human dendritic spines are much larger than 

those of mice, the ratio between their height (head + neck) and width is highly conserved: 

0.019 ± 1.481  in humans and 0.025 ± 1.488  in mice. According to our model, this similarity 

conforms to the similar patterns of neural oscillations for mammals [13]. We expect this 

similarity to be conserved in other mammals as well. The model also enables a comparison 

with species exhibiting entirely different spectra of neural oscillations, once the dimensions of 

their dendritic spines are measured. 

The amplitude ~40 Hz ASSR increases with age, especially during puberty [2], with no shift in 

the frequencies of peak ASSR around ~20 and ~40 Hz [12]. Therefore we may predict that the 

dimensional ratio (length/diameter) of human dendritic spines does not significantly vary with 

age. Three possible explanations may be given for the developmental increase in ~40 Hz 

ASSR: an increase in spine density, an increase in the fraction of electrically coupled spines, or 

an increase in the conductance of gap junctions between dendritic spines. 

It has been previously suggested, that gap junctions are required for the local synchronization 

of neural oscillations, whereas distant cortical areas are synchronized by inhibitory 

interneurons [47]. Similarly we may speculate, that the model suggested here deals with the 

local synchronization of neural oscillations, whereas long-distance coordination may be 

modeled by more intricate computational models [48]. In this sense this work aims at 

complementing, rather than replacing, these prior works. 

Conclusively, we suggest that electrically coupled dendritic spines in cortical pyramidal 

neurons play an essential role in the synchronization of neural oscillations. Based on an 

existing model for the frequency response of a space-charge-limited device, we suggest a 

reconstruction of the human auditory steady state response, a phenomenon that has no entire 

explanation to date. Despite its simplicity, the proposed model successfully reproduces the 

grand-averaged response as well as the inter-individual differences measured at [8], as an 

outcome of variations in the average coupling strength between the spines. Several 

experimental predictions are drawn from the model, which will enable its validation. 
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