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Abstract: Spikelets are small spike-like depolarizations 
that are found in somatic recordings of many neuron 
types. Spikelets have been assigned important functions, 
ranging from neuronal synchronization to the regulation 
of synaptic plasticity, which are specific to the particular 
mechanism of spikelet generation. As spikelets reflect 
spiking activity in neuronal compartments that are elec-
trotonically distinct from the soma, four modes of spike-
let generation can be envisaged: (1) dendritic spikes or (2) 
axonal action potentials occurring in a single cell as well 
as action potentials transmitted via (3) gap junctions or 
(4) ephaptic coupling in pairs of neurons. In one of the
best studied neuron type, cortical pyramidal neurons,
the origins and functions of spikelets are still unresolved;
all four potential mechanisms have been proposed, but
the experimental evidence remains ambiguous. Here we
attempt to reconcile the scattered experimental findings
in a coherent theoretical framework. We review in detail

the various mechanisms that can give rise to spikelets. 
For each mechanism, we present the biophysical under-
pinnings as well as the resulting properties of spikelets 
and compare these predictions to experimental data from 
pyramidal neurons. We also discuss the functional impli-
cations of each mechanism. On the example of pyramidal 
neurons, we illustrate that several independent spikelet-
generating mechanisms fulfilling vastly different func-
tions might be operating in a single cell.

Keywords: action potential initiation; axon initial segment; 
dendritic spikes; ephaptic coupling; gap junction.

Introduction
Spikelets are non-synaptic events of small amplitudes 
(<30  mV) that are observed in intracellular record-
ings of many types of neurons (e.g. in thalamocortical 
neurons, Hughes et al., 2002; thalamic reticular neurons, 
Fuentealba et  al., 2004; hippocampal interneurons, 
Zhang et  al., 2004). Because of their spike-like appear-
ance and all-or-none character, spikelets are considered 
to originate in action potentials (APs) generated in elec-
trotonically distinct neuronal compartments, when cur-
rents from a remote AP influence the membrane voltage of 
the recorded compartment but do not suffice to initiate an 
AP there. As spikelets are typically measured in somatic 
recordings, the underlying APs might, in principle, occur 
in dendritic or axonal compartments within the same cell 
or in another cell coupled by gap junctions or ephaptically 
through extracellular fields (Figure 1).

As each of these mechanisms has different functional 
implications, it is important to determine the origin of 
spikelets to assess their potential computational role in a 
given system.

One factor that complicates (comparative) spikelet 
studies and contributes to the confusion about their origin is 
the many different names for spikelets that can be found in 
the literature. These alternative names, sometimes reflect-
ing the presumed origin of spikelets, include the following: 
‘IS spikes’ (IS: initial segment; Coombs et  al., 1957), ‘fast 
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prepotentials’ (FPPs; Spencer and Kandel, 1961), ‘short-
latency depolarizations’ (Llinas et al., 1974), ‘d-spikes’ (d: 
dendritic; Wong and Stewart, 1992), ‘partial spikes’ (Zhang 
et al., 1998), ‘small spikes’ (Connors and Kriegstein, 1986), 
‘third potentials’ (Kaplan and Shapley, 1984), and ‘ePSPs’ 
(electrical PSPs; Gibson et al., 2005).

The question of spikelet origin is resolved for some 
systems. For example, spikelets in cortical interneurons 
were found to result from electrotonic coupling by den-
drodendritic and somatodendritic gap junctions, which 
increases the firing synchrony of interneurons and pro-
motes generation and maintenance of network oscilla-
tions (Bennett and Zukin, 2004). In contrast, the origin of 
spikelets in cortical pyramidal neurons is still not settled. 
Virtually all possible spikelet mechanisms have been 
hypothesized to explain spikelet occurrence in these cells, 
but the experimental evidence is ambiguous.

In this article, we focus on spikelets in cortical 
pyramidal neurons. We first describe the properties of 
spikelets, noting that there are at least two qualitatively 
distinct spikelet types occurring in these cells. Then, we 
review the various mechanisms that can give rise to spike-
lets. We present theoretical considerations about spikelet 
properties generated by each of the possible mechanisms 
and compare them to experimental data from pyramidal 
neurons. We also discuss the functional implications of 
each type of spikelet.

Properties of spikelets in pyramidal 
neurons
At least two qualitatively different spikelet types have 
been observed in cortical pyramidal cells (Figure 2). The 

first spikelet type (Figure 2A, B) is characterized by rela-
tively large amplitudes (typically in the range of 10 mV) 
and fast rise dynamics (max. dV/dt of 10–40 V/s). The 
decay is often, but not always, biphasic, with an initial 
faster phase (time constant <1 ms) followed by a slower 
phase (time constant >5  ms; Figure 2A, B right). These 
large-amplitude spikelets show an all-or-none behav-
ior, and in a single cell there is usually one, rarely two, 
discrete amplitudes of spikelets (Schmitz et  al., 2001; 
Crochet et  al., 2004; Epsztein et  al., 2010; Chorev and 
Brecht, 2012; Coletta et al., 2018). The generation of these 
spikelets is voltage-dependent, where somatic hyperpo-
larization suppresses the spikelets and somatic depolari-
zation promotes the spikelet incidence (Crochet et  al., 
2004; Chorev and Brecht, 2012). Moreover, these large-
amplitude spikelets are sensitive to sodium channel 
blockers, which suggests that they are actively propa-
gating within the recorded cells (Schmitz et  al., 2001; 
Crochet et al., 2004). This spikelet type occurs as a single 
event or in bursts with short inter-spikelet intervals of 
few milliseconds (Figure 2B). Interestingly, the large-
amplitude spikelets can trigger somatic APs, which show 
a distinct initial rising phase (‘shoulder’) that fits the 
spikelet waveform (Epsztein et al., 2010). In CA1 pyrami-
dal neurons in vivo, firing rates of these spikelets show 
spatial modulation with place fields virtually identical 
to the place fields of somatic APs (Epsztein et al., 2010). 
In presubicular head-direction cells, spikelets and APs 
from a single cell exhibit virtually identical head-direc-
tion tuning (Coletta et al., 2018).

A different type of spikelet was also found in both 
neocortical (Figure 2C; Scholl et al., 2015) and hippocam-
pal (Figure 2D; Valiante et al., 1995) pyramidal neurons. 
These spikelets exhibit smaller amplitudes (typically 
in the range of 1 mV) and a brief time course (width at 

Dendritic spike Gap-junction coupling Ephaptic couplingAxonal AP

Figure 1: Mechanisms of spikelet generation.
Somatic spikelets (blue traces) can result from propagation failures of dendritic spikes or axonal APs as well as from AP transmission 
through gap junctions or ephaptic transmission through extracellular fields.
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Figure 2: Two types of spikelets observed in pyramidal neurons.
(A, B) Large-amplitude spikelets recorded in vivo in putative pyramidal cells in cat neocortex (A; Crochet et al., 2004) and in hippocampal 
CA1 pyramidal neurons (B; Epsztein et al., 2010). Left: Example somatic voltage traces with APs and spikelets. Middle: Overlay of mean AP 
(red, truncated), spikelet (blue), and EPSP (green) waveforms. Right: The all-or-none nature of spikelets is revealed in plots of amplitude 
vs. maximum slope. (C, D) Spikelets with fast, often hyperpolarizing, decay. (C) Small-amplitude spikelets from neocortical principal cells 
recorded in cat visual cortex in vivo (Scholl et al., 2015). Left: Mean spikelet waveforms from individual cells, as recorded at the beginning 
(dotted line) and toward the end of the recording session (solid line). Time passed between the two averages is indicated for each example. 
Right: A voltage trace showing an AP and spikelets; the gray region is enlarged in the inset. Note that the spikelet waveform is briefer than 
the AP waveform. (D) Spikelets occurring in CA1 pyramidal neurons in vitro during calcium-free-induced epileptic activity (Valiante et al., 
1995). Left: Average spikelet waveform from a single cell (dy). The spikelet corresponds to a differentiated AP: Numerically integrating the 
spikelet waveform (dy) results in a waveform (y) that qualitatively matches the averaged AP waveform recorded from another cell (dashed 
line). Right: AP burst with two spikelets encircled and expanded on the far right. (A) Reprinted from Crochet et al. (2004) by permission 
from Oxford University Press. (B) From Epsztein et al. (2010). Reprinted with permission from AAAS. (C) Reprinted from Scholl et al. (2015), 
with permission from John Wiley and Sons. (D) Republished with permission from Society for Neuroscience, from Valiante et al. (1995); 
permission conveyed through Copyright Clearance Center, Inc. (A–D) All rights reserved.
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half-maximum amplitude <0.5  ms). Frequently, spike-
lets of several discrete amplitudes appear in a single 
cell, with inter-spikelet intervals similar to the inter-
spike intervals. These small-amplitude spikelets occur 
independently of the somatic membrane potential or 
somatic APs. Accordingly, they are not suppressed by 
somatic hyperpolarization and were even observed 
superimposed on somatic AP bursts (Figure 2D). In CA1 
pyramidal neurons, such spikelets were found during 
calcium-free-induced epileptic activity in slices (Val-
iante et al., 1995). Their occurrence correlated with pop-
ulation activity, as both were co-modulated by pH. Such 
brief spikelets were also reported in cat visual neocortex 
(Figure 2C; Scholl et al., 2015), where they shared several 
sensory selectivities with the APs, including orientation 
selectivity, receptive field location, and eye preference. 
However, binocular disparity tuning was typically not 
correlated between the APs and spikelets, and in half 
of the cells, the simple-cell/complex-cell receptive field 
properties did not match between APs and spikelets 
(Scholl et al., 2015).

The following sections review spikelet properties 
generated with the various mechanisms. We propose 
that the first type of spikelet (Figure 2A, B) fits best to 
axonal origin within a single cell; the second type of 
spikelet (Figure 2C, D) matches the properties of spike-
lets generated via ephaptic coupling to a neighboring 
cell.

Spikelets evoked by dendritic 
spikes
Historically, one of the first studies on spikelets in corti-
cal neurons was carried out by Spencer and Kandel (1961). 
In 25% of units recorded in cat hippocampus in vivo, the 
authors observed fast events of small amplitudes (mean 
5.9 ± 2.4 mV), which were initiated approximately 10 mV 
below the usual AP firing threshold of these cells. These 
events were called ‘fast prepotentials’ (FPPs), because 
they only occurred spontaneously in the rising phase 
of APs. To study the FPPs in isolation, hyperpolarizing 
pulses had to be delivered to the soma during spontane-
ous discharges (Figure 3A, B). A ‘process of elimination’ 
was applied to deduce the origin of these events: As FPPs 
were present in rebound responses to intracellularly deliv-
ered hyperpolarization (Figure 3B), the authors reasoned 
that they probably originated within the impaled neurons. 
The decay of isolated FPPs appeared faster than a purely 
passive process (Figure 3C), so active currents were pos-
tulated in FPP generation. Next, as the antidromically 
evoked APs never showed FPPs, the authors proposed 
that FPPs might reflect dendritic spikes that are attenu-
ated on their way to the soma. Finally, the presence of 
FPPs in response to stimulation of fibers projecting to 
the apical dendrite let the authors conclude that the FPPs 
originated in the apical dendritic tree. Because of the 
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Figure 3: ‘Fast prepotentials’ (FPPs) in hippocampal pyramidal neurons in vivo.
(A) Weak somatic hyperpolarization (presumably applied between the two stimulation artifacts) can isolate FPPs (large vertical arrow, 
left) in somatic intracellular recordings. In this example, the rebound AP (right) does not show an FPP. (B) A rebound AP is preceded by 
an FPP (diagonal mark) and followed by an isolated FPP (large vertical arrow). (C) Waveform of an isolated FPP (solid line). The dashed 
part indicates ‘the uncertainty in judging the baseline on which these small prepotentials ride’. Time course of a purely passive decay 
is depicted as a dotted line. Reprinted from Spencer and Kandel (1961) with permission from The American Physiological Society, all 
rights reserved.
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stereotypic appearance and small amplitudes of FPPs, 
the underlying dendritic spikes were supposed to occur 
in a single discrete area of the dendritic tree, separated 
by passive membrane from the soma. Functionally, FPPs 
of apical dendritic origin would act as a ‘booster’ for ‘oth-
erwise ineffectual distal dendritic synapses’ (Spencer and 
Kandel, 1961).

Subsequent studies in the following decades indeed 
found that several neuron types including neocortical 
and hippocampal pyramidal cells (Golding and Spruston, 
1998) have active dendrites capable of producing fast 
sodium spikes. However, these dendritic spikes occur in 
a graded manner (Golding and Spruston, 1998), so they 
are unlikely to result in all-or-none spikelets such as those 
described by Spencer and Kandel (1961). Moreover, den-
dritic sodium channels undergo slow inactivation (Mickus 
et al., 1999), so they do not support high-frequency firing 
as is typical for spikelets in vivo (e.g. Wong and Stewart, 
1992; Crochet et  al., 2004; Epsztein et  al., 2010). Dual 
somatic and dendritic intracellular recordings demon-
strated that dendritic spikes evoked in the distal apical 
dendrites of pyramidal neurons often fail to propagate to 
the soma (Spruston, 2008). However, these failed spikes 
appear as wide depolarizations at the soma (Figure 4; 
Golding and Spruston, 1998). Jarsky et  al. (2005) dis-
covered that the propagation of distal apical dendritic 
spikes is substantially facilitated by the activation of more 
proximal synapses. They observed that some somatically 
subthreshold responses exhibited spikelets of dendritic 
origin, yet the amplitude variability of these spikelets 

was not reported. Interestingly, distal apical inputs in CA2 
pyramidal cells were shown to efficiently trigger dendritic 
spikes, which propagated reliably to the soma (Sun et al., 
2014). Somatic hyperpolarization or a local TTX appli-
cation revealed large and fast spikelets (amplitudes of 
30–40 mV and max. dV/dt of 40–50 V/s), however, with 
graded amplitudes (Sun et al., 2014).

Not only apical but also basal dendrites of pyramidal 
neurons contain active conductances and fire dendritic 
spikes. Here, the resulting somatic spikelets appear rather 
slow (max. dV/dt up to 10 V/s) and have a distinct shape: 
the initial sodium spikelet is followed by a slower NMDA-
receptor-dependent depolarization (Losonczy et al., 2008; 
Figure 5A). The latter, however, can be blocked by recur-
rent inhibition (Müller et  al., 2012; Figure 5B). Nonethe-
less, repetitive initiation of dendritic spikes as well as 
AP backpropagation was found to cause inactivation of 
sodium channels in basal dendrites lasting for hundreds 
of milliseconds, resulting in attenuated dendritic spikes 
(Remy et al., 2009). Together, these properties of dendritic 
spikes enable basal dendritic branches to function as 
‘independent processing units’ (Remy et al., 2009), where 
local synchronous synaptic input can trigger dendritic 
spikes, which evoke precisely timed AP output.

Even though dendritic spikes are commonly assumed 
to underlie spikelets in pyramidal cells (Wong and Stewart, 
1992; Crochet et al., 2004), the graded nature of dendritic 
spikes and the inability of dendrites to fire at higher fre-
quencies do not fit to the all-or-none spikelets occurring at 
high frequencies in these studies. Similar to the reasoning 
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Figure 4: Propagation failures of apical dendritic spikes are not manifested as all-or-none somatic spikelets.
(A) Dual intracellular recordings in apical dendrites and the soma in three different CA1 pyramidal cells (rows). Shown are synaptically 
elicited dendritic spikes (asterisks, thick line) that failed to trigger a somatic AP (thin line: somatic traces). (B) Overlay of dendritic spikes 
from the three neurons shown in A reveal the graded nature of dendritic spikes. Arrows mark spikes that evoked somatic APs. Reprinted 
from Golding and Spruston (1998) with permission from Elsevier, all rights reserved.
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of Spencer and Kandel (1961), the dendritic origin of spike-
lets is often concluded from the observation that spike-
lets can be evoked by dendritic but not somatic inputs. 
The study by Stuart et al. (1997) might help to resolve this 
paradox: the authors performed triple dendritic, somatic, 
and axonal recordings in layer V pyramidal neurons and 
demonstrated that output APs were always initiated in the 
axon before the soma, even when a dendritic spike pre-
ceded the somatic AP (Figure 6). This suggests that spike-
lets evoked by dendritic inputs do not necessarily reflect 
dendritic spikes, but might instead stem from axonal APs 
that are triggered by the dendritic spikes.

Spikelets generated by axonal APs
In this section, we propose that large-amplitude (3–30 mV) 
all-or-none spikelets occurring with short inter-spikelet 
intervals in the soma of pyramidal neurons (Crochet et al., 
2004; Epsztein et al., 2010; Coletta et al., 2018) can origi-
nate from axonal APs, even when they are evoked with 
orthodromic (dendritic) stimuli. We first present insights 
from pioneering studies and complement them with the 
recent knowledge about the axon initial segment (AIS) 
where AP initiation occurs.

Axonal APs and spikelets have been studied in various 
neuron types as early as in the 1950s. Coombs et al. (1955) 
examined AP propagation in motoneurons and found that 
an axonal AP evoked with a distal axonal stimulus and 
propagating antidromically toward the soma might fail to 
activate a somatic AP and appear as an all-or-none spike-
let when the somatic membrane voltage is hyperpolarized 
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Figure 6: APs occur in the axon before the soma, even when a 
dendritic spike precedes the somatic AP.
Synaptic inputs were evoked with an extracellular electrode placed 
in layer 2/3, in the region of distal apical dendrites. Whole-cell 
patch-clamp recordings were obtained simultaneously at the soma 
(thick traces), apical dendrite (300 μm from soma), and axon (20 
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initiation at the AIS, followed by a somatic AP and an attenuated 
backpropagating AP in the dendrite. (B) A strong stimulus elicited a 
dendritic spike first, but nevertheless, the axonal AP preceded the 
somatic AP. Reprinted from Stuart et al. (1997) with permission from 
John Wiley and Sons, all rights reserved.
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(Figure 7A) or strongly depolarized (Figure  7B). The 
authors concluded that ‘there is the same failure of inva-
sion, both when the membrane is heavily depolarized 
and the activation mechanism is continuously partially 
engaged, and when the membrane is hyperpolarized 
and the axonal currents are insufficient to depolarize the 
membrane to the extent of setting off the activation mech-
anism’ (Coombs et al., 1955). These observations hold also 
for pyramidal neurons, where somatic hyperpolarization 
is still a popular method to uncover and study antidromic 
axonal spikelets (Figure 7C; Hu et al., 2009).

Another way to generate antidromic spikelets is the so-
called ‘two-shock technique’. Here, pairs of brief stimuli 
are delivered to the distal axon, resulting in a pair of 
somatic APs. Then, the interstimulus interval is decreased 
until the failure of the second somatic AP occurs and the 
underlying (all-or-none) spikelet is unveiled (Figure 7D; 

Kandel et  al., 1961). This effect can be explained by a 
shorter relative refractory period of the axon as compared 
to the soma (Chen et  al., 2010) and fits to the common 
occurrence of spikelets in bursts with short inter-spikelet 
intervals (Wong and Stewart, 1992; Crochet et  al., 2004; 
Epsztein et al., 2010; Coletta et al., 2018). Consequently, 
the antidromically evoked spikelet is shaped by axial cur-
rents generated during the axonal AP propagation that 
result in a relatively fast and strong somatic depolariza-
tion: the spikelet.

Thus, antidromic axonal spikelets can easily be trig-
gered by distal axonal stimulation, but it is not clear 
whether they also occur spontaneously in vivo. Besides a 
subpopulation of cortical interneurons, where antidromic 
APs and antidromic spikelets are generated in response to 
naturally occurring input patterns (Sheffield et al., 2010), 
antidromic spikelets – also called ‘ectopic’ – are typically 
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reported in pyramidal neurons under various artificial 
or pathological conditions such as epilepsy (Avoli et al., 
1998). These antidromic spikelets are characterized by an 
abrupt rise from the baseline without an underlying depo-
larization, and unlike orthodromic spikelets, they persist 
also during moderate somatic hyperpolarization. APs with 
these characteristics have been observed in in vitro models 
of gamma (Dugladze et  al., 2012) and ripple oscillations 
(Bähner et al., 2011), but such ectopic APs were not found 
in recordings during ripple oscillations in vivo (English 
et  al., 2014). However, antidromic spikelets would also 
result from axo-axonic coupling by gap junctions, which 
has been proposed for adult cortical pyramidal neurons 
(Schmitz et al., 2001; Hamzei-Sichani et al., 2007) and is 
reviewed in the section on electrotonic coupling.

For cortical pyramidal cells in vivo, inputs are 
usually considered to arrive at the soma orthodromi-
cally. It is not immediately evident how the mechanisms 
of antidromic spikelet generation might relate to ortho-
dromic spikelets, i.e. spikelets evoked with dendritic 
synaptic inputs. Remarkably, Coombs et al. (1957) have 
shown in a series of experiments that ‘when an impulse 
is generated in a motoneuron by synaptic or direct stim-
ulation [of the soma], there is the same two-stage inva-
sion [of the soma] as with antidromic activation, though 
the [temporal] interval between the small-spike [spike-
let] and the large-spike is much less than with antidro-
mic invasion […], and it is more difficult to block the 
impulse between the two stages’. In these experiments, 
Coombs et al. could evoke somatic spikelets with direct 
(orthodromic) stimulation using the effects of somatic 
hyperpolarization and refractoriness. For example, 
somatic spikelets could be triggered by a brief somatic 
depolarization immediately followed by a hyperpolariz-
ing pulse (Figure 8). This closely resembles the situation 
described by Crochet et al. (2004): ‘Cortical stimulation 
evoked a sequence of depolarization-hyperpolarizing 
potential; the early depolarization was crowned with an 
FPP [fast prepotential, i.e. a spikelet] when it reached 
the threshold for FPP generation’. The theoretical work 
by Michalikova et al. (2017) agrees with the above exper-
imental results and demonstrates that the orthodromic 
inputs giving rise to spikelets are briefer and weaker 
than the inputs eliciting APs.

Interestingly, already Coombs et  al. (1957) hypoth-
esized that (orthodromic) somatic APs are initiated at the 
AIS where the firing threshold is about 10–20  mV lower 
than at the soma. This proposition was supported by early 
computational studies: Dodge and Cooley (1973) found 
that simulated motoneuron APs match the experimen-
tally recorded waveforms when the AIS has a 10 mV lower 

threshold and 10 times larger sodium channel density 
than soma. Consequently, orthodromic spikelets might be 
viewed as (backpropagated) APs elicited at the AIS, which 
failed to trigger an AP at the soma. This failure does not 
happen as easily for orthodromic as for antidromic stimu-
lation because the orthodromic stimulus depolarizes the 
soma closer to its threshold. However, the initial segment 
of vertebrate axons has been recently recognized as a dis-
tinct, complex, and plastic structure, involved in AP initi-
ation and regulation of neuronal excitability. These recent 
findings support the possibility of axonal generation of 
spikelets and are reviewed in the information box ‘AIS – 
the site of AP initiation’.

AIS – the site of AP initiation
The AIS has been implicated in the AP generation already decades 
ago (Coombs et  al., 1957). Additionally, early anatomical research 
identified its distinct ultrastructure, characterized by microtubule 
bundles and a dense granular layer underneath the plasma mem-
brane (Palay et al., 1968), which distinguishes the AIS from the rest 
of the axon. Yet only technical advances in the past decade enabled 
to study the unique molecular composition of the initial segment in 
great detail (Rasband, 2010), providing the basis for further electro-
physiological experiments and modeling work.

Since the pioneering work by Coombs and others, many in-
dependent studies have confirmed the AIS as the usual site of AP 
initiation in various neuron types, including hippocampal (Meeks 
and Mennerick, 2007) and neocortical (Palmer and Stuart, 2006) 
pyramidal cells. Further studies suggested that the AP threshold is 
lowest in the AIS because of its high density of voltage-gated sodium 
 channels, up to 50 times higher than at the soma (Kole and Stuart, 
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Figure 8: Orthodromic generation of spikelets.
APs evoked in a motoneuron with somatic current pulses (left). 
Orthodromic spikelets could be generated when a brief somatic 
depolarization was immediately followed by a hyperpolarizing pulse 
(right trace). The current input is depicted below the corresponding 
voltage trace. Reprinted from Coombs et al. (1957) with permission 
from John Wiley and Sons, all rights reserved.
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2008). However, subsequent studies revealed a little difference be-
tween the sodium channel density at the AIS and soma (Fleidervish 
et al., 2010) and that APs were found to be initiated in the AIS even 
when its sodium channel density falls below that of the soma (La-
zarov et al., 2018). Converging lines of evidence indicated that APs in 
cortical pyramidal neurons are initiated in the distal part of the AIS 
(Palmer and Stuart, 2006), where a distinct subtype of NaV channels 
was found to cluster (Royeck et al., 2008), activating at more hyper-
polarized membrane potentials than somatic NaV channels (Colbert 
and Pan, 2002). Finally, Hu et  al. (2009) demonstrated in layer V 
pyramidal neurons that the low-threshold NaV1.6 channels accumu-
late at the distal AIS and promote AP initiation. In contrast, the high-
threshold NaV1.2 channels aggregate at the proximal AIS and are re-
sponsible for the backpropagation of the AP to the soma (Figure 9). 
The shift of the activation and inactivation curves between proximal 
and distal axonal locations was found to lie between 7 (Colbert and 
Pan, 2002) and 13 mV (Hu et al., 2009), which has been postulated to 
reflect a difference between the NaV1.6 and NaV1.2 channel subtypes 
(Hu et al., 2009).

In addition to the shifted activation and inactivation curves, 
the two Na-channel subtypes NaV1.2 and NaV1.6 were shown to dif-
fer in several other properties as well (Rush et al., 2005). The axonal 
NaV1.6  subunit was identified to generate larger persistent sodium 
current than the somatic NaV1.2  subunit (Rush et  al., 2005). The 
 axonal persistent current was found to be active already at resting 
potentials and to contribute to the low firing threshold of the AIS 
and to the rapid AP initiation (Fleidervish et al., 2010). Relevant for 
spikelet generation is also the finding that the axonal NaV1.6 subtype 
is able to better sustain high-frequency firing and conducts more 
current at high frequencies than the predominantly somatic NaV1.2 
channel subtype (Rush et al., 2005). This might, at least partly, be 
caused by the slow, cumulative inactivation that was found in soma-
todendritic but not in axonal sodium channels (Mickus et al., 1999), 
predicting that high-frequency axonal firing is accompanied by high-
frequency occurrence of somatic spikelets, as has been observed, for 
example, by Crochet et al. (2004) or Epsztein et al. (2010).

Interestingly, a recent study investigating AP initiation in NaV1.6-
null pyramidal neurons demonstrated that the NaV1.6 subtype is not 
necessary for the lower firing threshold at the AIS compared to the 
soma (Katz et al., 2018). Rather, the authors suggest that the hyper-
polarizing shift in the activation of axonal sodium channels might be 
a result of molecular interactions within the AIS. The hyperpolarizing 
activation shift has also been shown to undergo activity-dependent 
plasticity, co-occurring with synaptic long-term potentiation and 
decreasing the threshold of AP initiation (Xu et al., 2005). As an al-
ternative explanation for the AP initiation at the AIS, Baranauskas 
et al. (2013) highlighted the role of neuronal morphology. Their study 
demonstrated that the AP threshold is lowest at the distal end of the 
AIS beyond the clustered sodium channels, where the capacitive load 
from the soma is the lowest.

Besides the NaV sodium channels, several potassium channel 
types are specifically localized in the axon and enriched at the AIS. 
The fast activating and slowly inactivating KV1 channels are colocal-
ized at high densities with NaV1.6 subunits at the distal AIS but are 
rare at the soma. Kole et al. (2007) found that these potassium chan-
nels regulate the axonal AP waveform independently from the soma. 
Furthermore, the authors have shown that the AP width at the soma 
and the axon is modulated by different firing patterns: somatic APs 
become wider during high-frequency bursts, whereas axonal APs 
broaden during slow rhythmic activity (Kole et al., 2007). As the AP 

width at axon terminals controls the efficacy of excitatory synaptic 
transmission (Geiger and Jonas, 2000), this suggests that neuronal 
activity can be integrated in the axon independently from the soma.

The slowly activating and non-inactivating KV7 channels are like-
wise abundant in the AIS. They generate the subthreshold M-current, 
which diminishes neuronal excitability by increasing the AP thresh-
old. In CA1 pyramidal neurons, the M-current has been found to sup-
press the intrinsic spontaneous firing (Shah et al., 2008). Moreover, 
M-current inhibition via cholinergic receptor activation exerts ho-
meostatic effects on neuronal excitability: whereas acute M-current
inhibition increases neuronal excitability, sustained M-current inhi-
bition gradually reduces the excitability through a distal shift of the
AP initiation zone (Lezmy et al., 2017).

The studies reviewed above imply that the variety of ion chan-
nels specifically targeted to the AIS provide powerful possibilities 
to set and regulate neuronal excitability and AP generation. Indeed, 
recently emerging evidence indicates that the neuron type-specific 
differences in firing properties and AP waveform can be largely ex-
plained by differences in the composition and organization of the 
AISs (Lorincz and Nusser, 2008; Kress et al., 2010). Moreover, it has 
been shown that the AIS is a highly plastic region, and its length as 
well as position can undergo activity-dependent plasticity (Grubb 
and Burrone, 2010; Kuba et al., 2010; Lezmy et al., 2017).

The highly specialized structure of the AIS, which can be 
activated and regulated independently from the soma, can 
promote the generation of orthodromic spikelets. These 
spikelets originate at the AIS like regular APs but fail to 
elicit a somatic AP (Michalikova et al., 2017). Such spike-
lets are characterized by relatively fast (max. dV/dt > 10 
V/s) and large (up to 20–30  mV) waveforms because of 
the large sodium currents evoked at the AIS. Unlike spike-
lets originating in dendritic spikes, axonal spikelets can 
occur at high frequencies because of the shorter refractory 
period of the axon in comparison to the soma. Finally, the 
generation of axonal (AIS) spikelets is dependent on the 
somatic membrane voltage due to the close proximity of 
the AIS.

Spikelets with these properties were reported in 
several in vivo studies (Figure 2A, B; Spencer and Kandel, 
1961; Wong and Stewart, 1992; Crochet et al., 2004; Epsz-
tein et al., 2010; Chorev and Brecht, 2012; Coletta et al., 
2018), although only Coletta et  al. (2018) implied an 
axonal origin of spikelets. It seems that the generation 
of spikelets upon dendritic inputs is an important factor 
misleading the interpretation. As discussed above and 
illustrated in Figure 6, the study by Stuart et  al. (1997) 
directly demonstrated in neocortical pyramidal neurons 
that dendritic spikes can first initiate an AP at the AIS, 
which then triggers a somatic AP. Also recent studies in 
turtle pyramidal neurons (Larkum et  al., 2008) and CA1 
pyramidal neurons (Apostolides et al., 2016) suggest that 
spikelets triggered through dendritic stimulation might 
originate in axonal APs.
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Orthodromically evoked spikelets of axonal origin 
have interesting functional consequences: the ability to 
generate output APs without firing an AP in the large som-
atodendritic compartments reduces the energetic costs of 
AP propagation (Ashida et al., 2007) and allows to control 
dendritic plasticity triggered by backpropagating APs 
(Spruston et al., 1995).

Spikelets resulting from 
electrotonic coupling by gap 
junctions
Another possibility for spikelet generation provides direct 
electrotonic coupling between pairs of neurons mediated 
via specialized structures called gap junctions. If two cells 
are coupled by such an electrical synapse, an AP occur-
ring in one cell is transmitted through the gap junction 
and appears as a spikelet in the other cell.

Unlike chemical synapses, electrical synapses are recip-
rocal (though not necessarily symmetrical; Snipas  et  al., 

2017), enabling passive current flow in both directions, 
depending on the potential gradient between the two con-
nected compartments. The strength of electrotonic coupling, 
called coupling coefficient, is defined as the ratio of voltage 
change between the prejunctional and the postjunctional 
cell. The coupling coefficient depends on several factors: the 
junctional conductance, the transmitted voltage waveform 
(larger coupling coefficients for rectangular current injec-
tions than for AP waveforms), and the membrane proper-
ties of the postjunctional cell. The postjunctional membrane 
acts as a low-pass filter: the transmitted current first flows 
through the membrane capacitance, and as the capacitance 
gets charged, the current starts to flow through the mem-
brane resistance. Consequently, slow fluctuations of the 
membrane potential are transmitted more effectively than 
fast signals like APs, which appear in the postjunctional cell 
as spikelets with slowed time courses and attenuated ampli-
tudes (Figure  10A). Although the transmission of signals 
through gap junctions is immediate, an apparent delay can 
result from the time needed for capacitive loading of the 
postjunctional membrane to a detectable level (Bennett and 
Zukin, 2004).

Figure 9: APs are initiated at the distal AIS.
(A) Schematic picture of AP initiation. Incoming depolarization (green arrow) initiates an AP in the distal AIS (yellow) where the low-
threshold NaV1.6 channels are localized. From there, the AP propagates forward along the axon as well as backpropagates to the soma. 
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Nat Neurosci, Dulla and Huguenard (2009), all rights 
reserved. (B) Distribution of NaV1.2 (gray) and NaV1.6 (black) channel densities along the AIS, as estimated from immunofluorescence 
measurements. (C) Activation (empty squares) and inactivation (full circles) curves of somatic (black) and axonal (red) sodium currents. 
The activation curve for proximal AIS (blue) was added for comparison. (D) Half-activation voltages of sodium channels measured along the 
soma and axon. (B–D) Reprinted from Hu et al. (2009) with permission from Springer Nature; all rights reserved.
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In the mammalian brain, gap junctions were first 
demonstrated by Sloper (1972) as dendrodendritic or den-
drosomatic close membrane appositions with a dense, 
seven-layered structure. Later work has revealed that gap 
junctions consist of clusters of channels directly connect-
ing the intracellular space of the two coupled neurons 
such that ions and small metabolites can pass through. 
Vertebrate gap junction channels are composed of pro-
teins called connexins. In neurons, connexin 36 is the 
predominant gap-junctional protein (Connors and Long, 
2004), although other connexins are present as well: for 
example, Cx45  was found in retinal neurons (Li et  al., 
2008), and Cx26 occurs in neonatal excitatory cells of the 
neocortex (Su et al., 2017).

In the adult brain, gap junctions have been  thoroughly 
demonstrated to connect hippocampal and neocortical 
interneurons of the same type (reviewed, e.g., in  Galarreta 
and Hestrin, 2001). First, dual recordings identified 
coupled pairs, where a subthreshold current injection or 
an AP in one cell resulted in a voltage change or a spikelet 
waveform, respectively, in the other cell. Next, anatomical 
studies delivered ultrastructural evidence for the exist-
ence of dendrodendritic or dendrosomatic gap junctions 
as early as in the 1970s (Sloper, 1972). Finally, molecular 
studies revealed that interneuron gap junctions are com-
posed of connexin 36. The coupling between interneurons 
was found abundant, but rather weak, and the spikelet 
waveforms resulting from AP transmission through these 
electrical synapses exhibit small amplitudes (typically 
<1  mV) and slow dynamics (Figure 10A). These weak
dendrodendritic and dendrosomatic gap junctions in
cortical interneurons were shown to promote neuronal
firing synchrony, thereby significantly contributing to the

generation and maintenance of network oscillations, for 
example, the hippocampal gamma (Traub et  al., 2001) 
and ripple oscillations (Holzbecher and Kempter, 2018).

In contrast, controversy still accompanies the notion 
of electrical coupling between adult cortical pyrami-
dal cells. Here, the evidence is mostly composed of dye 
coupling data (based on gap junctional permeability for 
small tracer molecules such as neurobiotin, biocytin, 
or Lucifer yellow) and pharmacological modulation of 
spikelet occurrence and waveform. Up to date, only few 
studies demonstrated direct electrical coupling in pairs 
of adult hippocampal (MacVicar and Dudek, 1981; Mercer 
et al., 2006) and neocortical (Wang et al., 2010) pyrami-
dal neurons, and one study provided anatomical evidence 
for the presence of gap junctions between mossy fiber 
axons in the dentate gyrus (Hamzei-Sichani et al., 2007). 
Moreover, the protein underlying the electrical coupling 
in pyramidal neurons remains unknown.

The spikelet waveforms found in dual recordings of 
pyramidal cells are substantially larger (2–20  mV) and 
faster than the waveforms typical of interneuron spike-
lets (Figure 10B) and resemble the spikelet waveforms 
recorded in pyramidal neurons in vivo (Figure 2A, B). 
Furthermore, unlike interneuron spikelets, spikelets in 
pyramidal neurons are abolished when the sodium chan-
nels of the recorded neuron are blocked intracellularly 
with QX314, which suggests that these spikelets propagate 
actively in the putative postjunctional neuron. Consist-
ent with the fast spikelet waveform and active propaga-
tion in the recorded neuron is axo-axonal coupling, which 
has been suggested in some studies (Schmitz et al., 2001; 
Wang et al., 2010), but not in others (Mercer et al., 2006).

This evidence of gap junctional coupling in pyramidal 
neurons is weakened by inherent issues associated with 
the methods used to demonstrate gap junctional coupling. 
First, the paired recordings are typically performed with 
sharp electrodes as these allow successive penetration 
of many neurons before they get clogged and have to be 
exchanged (Bennett and Pereda, 2006). However, sharp 
electrodes are prone to the so-called ‘shish-kebap arti-
fact’, where the recording electrode would penetrate more 
neurons at the same time and could introduce artifactual 
coupling. This problem also affects dye coupling experi-
ments, where further artifacts might occur because of, for 
example, dye leakage into the extracellular space that can 
be taken up by adjacent neurons (Jefferys, 1995). However, 
some of the methodological challenges were overcome in 
recent studies (Schmitz et  al., 2001; Mercer et  al., 2006; 
see Bennett and Pereda, 2006, for review).

Up to now, there is one study providing direct ultras-
tructural evidence for gap junctions in cortical excitatory 
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Figure 10: Spikelets in electrotonically coupled cells.
(A) AP (briefer event) and the corresponding spikelet (wider 
event) recorded in a coupled pair of hippocampal stratum oriens 
interneurons. Amplitudes are scaled for a better comparison of their 
time course. Reprinted from Zhang et al. (2004) with permission 
from John Wiley and Sons, all rights reserved. (B) AP and the 
corresponding spikelet from a pair of CA1 pyramidal neurons. 
Amplitudes are scaled, but the short (<1 ms) time delay is as 
recorded experimentally. Reprinted from Mercer et al. (2006) with 
permission from Springer Nature; all rights reserved.
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neurons (Hamzei-Sichani et  al., 2007). In thin-section 
transmission electron micrographs, the authors found 
altogether 10 close appositions of dentate granule axons 
called mossy fibers. Nonetheless, these putative gap junc-
tions were missing the typical ‘submembrane densities’ 
and showed a pentalaminar instead of the typical hep-
talaminar structure. A further instance of a presumed 
axonal gap junction could be detected by freeze-fracture 
replica immunogold labeling using anti-Cx36 immuno-
gold beads. However, it could not be determined whether 
the labeled axon was coupled to another axon or to a den-
dritic spine. Moreover, other studies did not find connexin 
36 in pyramidal neurons (Hormuzdi et  al., 2001; Pais 
et al., 2003).

Much more commonly, gap junctional coupling is 
inferred from modulatory effects of pH and pharmacol-
ogy, although the effects of these manipulations are not 
specific to gap junctions (Connors and Long, 2004). For 
all connexins except Cx36, decreased intracellular pH 
(i.e. acidification) tends to close gap junctions, whereas 
increased intracellular pH (i.e. alkalization) opens gap 
junctions and strengthens electrical coupling (Connors 
and Long, 2004; González-Nieto et al., 2008). This behav-
ior has been observed also for electrical coupling in 
pyramidal neurons (Schmitz et al., 2001). In contrast, gap 
junctions formed by Cx36 respond in an opposite manner, 
opening upon acidification and closing upon alkalization 
(González-Nieto et  al., 2008). However, pH levels have 
been shown to regulate not only gap junctions but various 
membrane channels as well (Chesler, 2003). Moreover, 
the physiological regulation of neuronal pH appears to be 
homeostatic: neuronal activity leads to acidosis, which in 
turn diminishes the excitability of neurons. Elevated pH 
has the opposite effect of increasing neuronal excitability 
(Chesler, 2003).

There are various pharmacological agents shown to 
modulate the strength of electrotonic coupling. These 
are chemically diverse and include long-chain alco-
hols such as heptanol or octanol, the anesthetic halo-
thane, carbenoxolone, and mefloquine. However, most 
of these substances act non-specifically and have been 
shown to influence other physiological properties of 
neurons as well (Connors and Long, 2004). The specific-
ity of carbenoxolone is controversial, with some studies 
reporting no influence on intrinsic neuronal properties 
(Schmitz et  al., 2001), while others found reduction of 
various membrane conductances, increased AP thresh-
old, or decreased input resistance (Rouach et al., 2003; 
Tovar et al., 2009). The quinine derivate mefloquine has 
recently gained interest as a specific and potent blocker 
of Cx36 channels, but also here some side-effects have 

been reported (Cruikshank et  al., 2004). Yet it needs 
to be considered that if pyramidal cells are coupled at 
axonal sites, the transmitted AP is propagated actively 
in the axon of the postjunctional cell, and the propa-
gation failure occurs close to the soma. Therefore, the 
 pharmacological modulation of spikelet amplitude 
unlikely reflects not only a modulation of axo-axonal 
gap junction itself but also a change of some other neu-
ronal property.

To address the question whether electrotonic cou-
pling occurs in pyramidal neurons in vivo, Chorev and 
Brecht (2012) performed dual intra- and extracellular 
recordings of CA1 pyramidal neurons in anesthetized 
rats. The authors identified an extracellular AP wave-
form associated with, and slightly preceding, the onset 
of intracellular spikelets. Simulations of extracellu-
lar waveforms of APs and spikelets in compartmental 
models of pyramidal neurons showed that electrotonic 
coupling can in theory account for all aspects of the 
data. It would require gap junctions between the axons, 
in combination with a large (>several 100 μm) distance 
between the somata of the coupled cells, such that only 
the intracellularly recorded cell shapes the extracel-
lular waveform (Michalikova et  al., 2018). In contrast, 
paired recordings in hippocampal (Mercer et  al., 2006) 
and neocortical (Wang et  al., 2010) pyramidal neurons 
demonstrated electrical and dye coupling in cells with 
somata located very close to each other (Figures 11 and 
12), but the close membrane appositions found at proxi-
mal somatodendritic sites did not show any ‘distinctive 
structures indicative of a gap junction’ (Figure 11; Mercer 
et al., 2006).

In short, only few in vitro studies have shown 
directly, i.e. through dual recordings of coupled neurons, 
that spikelets in cortical pyramidal neurons can result 
from electrotonic coupling, and the anatomical evidence 
for gap junctions is scarce. Theoretical as well as some 
experimental studies have suggested an axonal cou-
pling site, which could account for the relatively large 
amplitudes, fast time course, and active propagation of 
these spikelets in the postjunctional cell (Traub et  al., 
1999; Schmitz et al., 2001; Wang et al., 2010). Theoretical 
studies proposed that axo-axonal coupling of pyramidal 
neurons could underlie the generation of high-frequency 
oscillations such as hippocampal ripples (Traub et  al., 
1999), which is supported by experimental studies 
showing that in vitro ripples can occur without GABA-A 
receptors (Draguhn et al., 1998; Nimmrich et al., 2005). 
However, recent experimental studies indicate that also 
local inhibitory synaptic interactions can give rise to 
the ripple oscillation in vitro (Schlingloff et al., 2014) as 
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well as in vivo (Stark et  al., 2014). Spikelets generated 
by axo-axonal coupling are similar to spikelets evoked 
antidromically within a single neuron, as the AP trans-
mitted through the gap junction propagates antidromi-
cally in the postjunctional axon and the spikelet emerges 

as a propagation failure at the soma. This similarity in 
mechanism, along with the inherent difficulty to prove 
gap-junction coupling, obscure the ultimate answer to 
the question whether gap junctions are present in adult 
pyramidal neurons.
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Figure 11: Electrical coupling in CA1 pyramidal neurons in vitro.
(A) Reconstruction of an electrically coupled pair of neurons. The arrow marks a putative contact between the apical dendrite of one cell 
(blue) and the soma of the other cell (black). (B) Left: Electron micrograph depicting the cells from (A) (proximal apical dendrite of the blue 
cell and both somata). The white box indicates the region of the putative contact site, which is expanded on the right. Note that the close 
membrane apposition, marked with white arrows, does not show any distinctive ultrastructure. (C) Demonstration of electrical coupling in 
the two cells shown in (A) and (B): APs in the blue cell (thin blue-gray traces) evoked spikelets in the black cells (black traces). Reprinted 
from Mercer et al. (2006) with permission from Springer Nature; all rights reserved.

Not
stained

1

A B
2 3 4 5 6 7 8 9 10

Not
stained

20 µm

0%

Electrical synapse

3
1 10

4
9

6

2
5

7

8
20%

C
ou

pl
in

g 
co

ef
fic

ie
nt

 (
C

C
)

40%

60%

80%

100%
PC <=> PC

C1 => C2 C1 <= C2

FS <=> FS

20 µm

Not
stained

Figure 12: Electrical coupling in neocortical pyramidal neurons in vitro.
Morphologies (A) and coupling coefficients (B) of 10 coupled pairs of neocortical pyramidal neurons. In (A), red asterisks mark possible 
coupling sites, and insets show putative axo-axonal contacts. (B) Coupling coefficients (CCs) in both directions (cell 1 to cell 2, C1→C2, and 
cell 2 to cell 1, C2→C1) for all 10 pairs from (A). Three fast-spiking (FS) interneurons are included for comparison. The CCs were determined 
for step currents (nos. 2, 3, 6, and 10) or spikelet and AP transmission (nos. 1, 4, 5, and 7–9). Reprinted from Wang et al. (2010), used under 
the Creative Commons Attribution license. To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/.
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Spikelets produced by ephaptic 
coupling
Ephaptic coupling is a form of electrical coupling between 
two cells without a specialized connection like a synapse 
or a gap junction. The term ‘ephapse’ (from Greek εϕαπτω 
– to touch) was coined by Arvanitaki (1942) to describe
‘the locus of contact or close vicinity of the active func-
tional surfaces’. Such a close apposition of neuronal com-
partments enables transmission of electrical signals from
one cell to another via extracellular electric fields. Here,
we follow the seminal work by Jefferys (1995) and distin-
guish ephaptic coupling from population field effects. For
the latter phenomenon, synchronized activity of many
neurons generates large extracellular fields, which influ-
ence the membrane voltage of the entire neural popula-
tion located within the reach of the field (Konnerth et al.,
1984; Dudek et al., 1986). Indeed, the stereotypical spike-
like waveforms of spikelets indicate that spikelets origi-
nate from individual APs. So when an AP is triggered in
one cell, a spikelet waveform might be visible in another
cell that has a process located in close proximity to the
firing cell.

Unlike the ‘resistive coupling’ by gap junctions that 
results in slow, low-pass filtered spikelets, the nature of 
ephaptic AP transmission is capacitive: there is no trans-
membrane current flow, but the charge is redistributed 
on the intra- and extracellular surfaces of membranes 
(Valiante et  al., 1995; Vigmond et  al., 1997; Weiss and 
Faber, 2010). Consequently, the AP waveforms are high-
pass filtered, and ephaptic spikelets appear brief, typi-
cally briefer than the underlying APs (Vigmond et  al., 
1997). The hallmark of ephaptic spikelets is a fast decay – 
on the same order as the rising phase – and a frequently 
observed biphasic shape (i.e. a depolarizing phase fol-
lowed by a hyperpolarizing phase), which clearly dis-
tinguishes ephaptic spikelets from all other types of 
spikelets.

Such brief spikelets were observed in CA1 pyramidal 
neurons in vitro during calcium-free-induced epileptic 
activity where in every cell the amplitudes of spikelets 
occurred in two to four well-defined clusters (Valiante 
et  al., 1995; Figure 2D). Another example of putative 
ephaptic spikelets is provided in the study by Scholl et al. 
(2015), which found that spikelets in cat visual cortex in 
vivo shared some, but not all, sensory selectivities with 
the APs recorded in the same cell (Figure 2C).

Amplitudes of these somatically recorded spikelets 
were several millivolt large (1–6 mV), which agrees with 
theoretical and modeling predictions for transmembrane 

voltage changes due to ephaptic AP transfer from a soma 
to a neuronal cable (Holt and Koch, 1999). However, 
Vigmond et al. (1997) noted that in a passive model of a 
CA3 pyramidal neuron, the amplitudes measured intra-
cellularly were an order of magnitude smaller (<0.1 mV) 
than the induced transmembrane potentials. Holt and 
Koch (1999) pointed out that ephaptically generated 
transmembrane potentials do not spread electrotoni-
cally ‘unless there are active channels at the location of 
the ephaptic depolarization’. Fast sodium currents active 
at subthreshold potentials could, in principle, boost 
the intracellular amplitudes of spikelets. Vigmond et al. 
(1997) alternatively proposed that intracellular spikelet 
amplitudes of several millivolts might be achieved by 
synchronized firing of several close-by neurons. This is 
conceivable for epileptic activity (Valiante et al., 1995) but 
rather unlikely to occur under physiological in vivo condi-
tions (Scholl et al., 2015).

In general, ephaptic interactions are weak even 
for cells that are very close (3 nm apart in the model of 
Vigmond et al., 1997) because the AP waveform is trans-
mitted through the low-resistance extracellular medium. 
Consistently, increased extracellular resistance has been 
shown to promote ephaptic coupling: Jefferys (1995) 
reviewed experiments with squid giant axons, where 
even APs could be evoked in an ephaptically coupled 
axon if the two nearby axons were immersed in mineral 
oil, which acts as an insulator and thus increases extra-
cellular resistance. The physiological extracellular resist-
ance is largest in brain regions with densely packed 
cells and restricted extracellular space like in rat hip-
pocampus, especially in the CA1 cell body layer, which 
has double the resistivity of the surrounding layers (Gold 
et al., 2006). Moreover, the extracellular space is not con-
stant over time but shrinks with intense neuronal activity 
that results in tissue swelling (Fox et al., 2004; Weiss and 
Faber, 2010). This might explain the occurrence of ephap-
tic spikelets in CA1 pyramidal neurons under epileptic 
conditions. However, neocortical tissue is less densely 
packed, and the in vivo activity is incomparable to epi-
leptic states. So it is not immediately clear how ephaptic 
spikelets of several millivolts in amplitude can be gen-
erated in neocortical cells as observed by Scholl et  al. 
(2015).

Cable theory posits that the voltage change induced by 
ephaptic coupling is smaller in thinner cables like axons 
than in thicker cables like dendrites (Holt and Koch, 1999). 
In contrast, Han et  al. (2018) found ephaptic coupling 
between AISs of cerebellar Purkinje cells, which promotes 
firing synchrony in pairs of these cells. This coupling is 
enabled by the high density of sodium channel at the AIS, 
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such that the generated extracellular potentials are large 
enough to activate sodium channels in nearby axons.

Thus, further theoretical studies are needed to 
examine ephaptic coupling in active models and to iden-
tify factors that might result in relatively large spikelet 
amplitudes in the millivolt range. Future studies should 
also assess the effect of activity-dependent tissue swell-
ing on ephaptic coupling and the occurrence of spikelets 
(Jefferys, 1995; Weiss and Faber, 2010). Finally, the poten-
tial functional role of ephaptically induced spikelets in 
pyramidal neurons needs to be understood. Similar to 
population field effects, ephaptic coupling can synchro-
nize the firing of close-by neurons but without the influ-
ence on the whole network (Han et  al., 2018). However, 
it is also possible that ephaptic spikelets in pyramidal 
neurons are an epiphenomenon – and, at best, an indica-
tor – of the network state.

Conclusions
We have reviewed the various spikelet-generating mecha-
nisms with the aim to understand the origin of spikelets 
in pyramidal neurons. Table 1 provides an overview of 
the different mechanisms including spikelet properties 
and functional implications of each of the mechanisms. 
We note that at least two qualitatively different all-or-
none spikelets appear in the experimental literature. 
One spikelet type is defined by small amplitudes and a 
very brief time course (width at half-amplitude  <  0.5 ms; 
Valiante et al., 1995; Scholl et al., 2015), which fits well 
to theoretical predictions of waveforms transmitted 
ephaptically through extracellular fields. More reports, 
however, are associated with the other spikelet type, 
which exhibits relatively large amplitudes (up to 30 mV) 
and fast rise times (max. dV/dt of 10–40 V/s; Crochet 
et  al., 2004; Epsztein et  al., 2010; Chorev and Brecht, 
2012; Coletta et al., 2018). Several lines of evidence point 
to an axonal origin of these spikelets, especially the short 
inter-spikelet intervals, its large and fast waveform, its 
dependence on membrane polarization, and active con-
ductance within the recorded neuron. Such axonal spike-
lets can be generated either in a single cell or in pairs of 
cells coupled with axonal gap junctions. Albeit the exist-
ence of axo-axonal gap junctions is controversial, more 
work is needed to definitely distinguish between these 
two mechanisms. The present review demonstrates that 
spikelets of different origin might occur within a single 
system and provides information that can help to eluci-
date the origin of spikelets also in other systems where 
this question is still not resolved.Sp
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