
INTRODUCTION

In neurons, action potentials, also often referred to as spikes, play 
a central role in communication among a population of neurons 
by providing for the propagation of signals along the axon of the 
neurons towards the axon terminals, which can then connect 
with other neurons at synapses. A typical feature of neurons is 
their ability to encode neuronal information through controlling 

the generation of spikes. A dynamic change in the pattern and 
frequency of spikes in a neuron articulates its own story to the 
projecting neurons. The firing patterns and frequency of a neuron 
can be transformed according to external stimuli and intrinsic 
properties such as expression levels of various ion channels in the 
neuronal plasma membrane. 

Spike adaptation refers to the progressive slowing of the fre-
quency of discharge of action potentials following an initial high 
frequency of spikes during an extended period of excitation. This 
adaptation pattern of neurons can be clearly observed in the pres-
ence of sustained injections of depolarizing rectangular currents. 
In some types of neurons, the adaptation is so marked that despite 
the presence of a depolarizing current, only a small number of 
spikes are initiated. In most cases, spike adaptation appears with a 
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slowly-developed hyperpolarizing current following an extended 
period of excitation of neurons [1-3]. Spike-frequency adaptation 
has been shown to play an important role in neural coding. Spike 
adaptation is also called spike accommodation. The accommoda-
tion index is a metric used to describe spike train data similar to 
other measures of accommodation such as local variance. Since 
its introduction by Shinomoto et al. [4], it has been modified to 
indicate the difference in the length of two consecutive interspike 
intervals (ISIs) in the initial stage to those in the last stages of neu-
ral spikes (Fig. 1A). For example, the accommodation index calcu-
lated from the ISI between the first two spikes over the ISI between 
the last two spikes would be smaller than 1. An index value closer 
to 1 would indicate that spike adaptation did not occur whereas 
an index value closer to 0 would indicate a distinct spike accom-
modation with prolongation in the ISIs. The detailed biophysical 
mechanisms that regulate spike adaptation in central nervous sys-
tem (CNS) neurons are not fully understood. The extended period 
of excitation of neurons often accompanies an increase of intracel-
lular calcium concentration via voltage-dependent calcium chan-
nels. Therefore, spike adaptation has been ascribed to the slow-
type afterhyperpolarization (AHP) current activated by calcium-
activated channels. 

CALCIUM-ACTIVATED POTASSIUM CHANNELS

It has long been known that two types of potassium currents, i.e., 
the voltage-sensitive potassium current (I(M)) developed at the 
end of an action potential and calcium-sensitive potassium cur-
rent slowly developed with prolonged excitation, shape spiking 
adaptation and thus the spiking pattern of neurons [5]. Slow AHP 
currents can be further categorized into medium AHP (mAHP) 
and very slow AHP (sAHP) currents, with decay kinetics of ap-
proximately hundreds of milliseconds and over seconds, respec-
tively. Of these two types of currents, mAHP is known to be medi-
ated by small conductance (SK) or large conductance (BK) Ca2+-
activated K+ channels in several types of neurons (Fig. 2) [6-9].

Calcium-activated potassium (KCa) channels activated by in-

crease in intracellular calcium concentration [Ca2+]in, give rise 
to an efflux of potassium. The activation of KCa channels then 
hyperpolarizes the membrane potential to abolish the spikes and 
also feeds back onto [Ca2+]in by limiting the calcium influx either 
through deactivation of voltage-gated calcium channels because 
the reversal potential of potassium channels are near -90 to -100 
mV, far-hyperpolarized than the resting membrane potential of 
neurons [10]. Based on their biophysical properties, KCa channels 
have been classified into two subtypes: BKCa, exhibiting large uni-
tary conductance (200–400 pS) and gated by the cooperative ac-
tion of membrane depolarization and [Ca2+]in, and SKCa, displaying 
small conductance (2–20pS) and gated solely by [Ca2+]in [11, 12]. 

In CNS neurons, where they exhibit a broad expression pattern 
throughout most regions of the brain, the BKCa channels contrib-
ute to repolarization of action potentials, mediate the fast phase of 
AHP following an action potential in hippocampal [13] and cer-
ebellar Purkinje [14] neurons, shape the dendritic calcium spikes, 
and influence the release of neurotransmitters. BKCa channels from 
mouse and rat brain assembled from BKalpha and BKbeta sub-

Fig. 1. Ca2+-dependent spike frequency adaptation and adaptation index. (A) TC neuron with a depolarizing current injection to induce tonic firing in 
2.4 mM Ca2+ buffer displays the prolongation of inter-spike intervals (ISI). Adaptation index can be obtained from the ration of 1st ISI over nth ISI. (B) 
Replacement of extracellular buffer to Ca2+-free buffer abolishes the spike-frequency adaptation.

Fig. 2. Ca2+-activated potassium channels mediate afterhyperpolariza-
tion. Ca2+-activated potassium channels such as BKCa and SKCa channels 
mediates afterhyperpolarization. BKCa channels are directly activated by 
Ca2+ binding where SKCa channels are activated by Ca2+-calmodulin. They 
are functionally linked to various voltage-gated Ca2+ channels depending 
on neuronal types.
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units 2 and 4 were found to be tightly associated with the voltage-
gated Ca2+ channels Cav1.2 (L-type channels), Cav2.1 (P/Q-type 
channels), and Cav2.2 (N-type channels) [15, 16]. The formation 
of BKCa-Cav complex provided an insight into the molecular 
mechanisms. Activation of BKCa channels is rendered virtually in-
dependent of the global cellular calcium environment, but rather 
requires local delivery of micromolar [Ca2+]in that should not af-
fect other calcium-dependent processes. The selective molecular 
coupling between Cav and BKCa channels may ensure specificity of 
calcium-mediated signaling in tissue specificity. For example, cer-
ebellar Purkinje cells expressing BKCa channels tightly linked with 
Cav2.1 channels display relatively short action potentials allowing 
for higher firing rates [17, 18], while hormone-secreting chromaf-
fin cells have broad action potentials due to expression of Cav1.2 
and Cav2.1 channels [19]. In hippocampal neurons, activation of 
BK channels was shown to underlie the falling phase of an action 
potential and generation of fast AHP whereas SK channel activa-
tion generates slow AHP after a burst of action potentials [20]. In 
this study, BKCa channels were found to be linked to CaV2.1 Ca2+ 
channels and SKCa channels to CaV1.2 Ca2+ channels [20].

The alpha subunit of SKCa channels, although shares the tetra-
meric six-transmembrane domain architecture of voltage-gated 
cation channels, lacks the typical features of the voltage-sensing 
S4 segments [21]. Consequently, the gating of SKCa channels is 
completely independent of the transmembrane voltage, in con-
trast to BKCa channels. Instead, opening and closing of SKCa chan-
nels is solely driven by changes in [Ca2+]in, with submicromolar 
concentrations being sufficient to effectively gate the channels. 
Calmodulin was identified as an exogenous calcium sensor that is 
constitutively associated with SKalpha [22]. Although a number of 
other structurally related calcium-binding proteins of the EF-hand 
protein family are expressed in the brain, proteomic studies have 
underlined the exclusive role of calmodulin as the calcium sensor 
of native SKCa channels.

SKCa channels appear to be selectively activated by L-type Cav 
channels in the somata of CA1 pyramidal cells [20], by R-type Cav 
channels in the dendritic spines of CA1 [23] and lateral amyg-
dala neurons [24], or by T-type Cav channels and SERCAs in the 
dendrites of thalamic reticular nucleus (TRN) neurons [25]. SKCa 
channels have often been localized to the dendrites in neurons 
where they are also shown to be functionally linked to postsyn-
aptic receptors such as NMDA receptors [26]. This may implicate 
the role of SKCa channels in controlling the general excitability 
of the neurons responding to the incoming excitable inputs. In 
TRN neurons, the coupling of T-type channels, SK2 channels, 
and SERCAs in dendrites comprises a specialized Ca2+ signaling 
triad to regulate the oscillatory dynamics of membrane potentials 

[25]. The lack of SK2 channels abolished the oscillatory spike dis-
charges in TRN neurons and also led to a drastic reduction of low-
frequency rhythms in the electroencephalogram of non-rapid-
eye-movement sleep in animals.

CALCIUM-ACTIVATED CHLORIDE CHANNELS

Of the anoctamin family, also known as transmembrane pro-
tein (TMEM) 16 family, anoctamin 1 (ANO1, TMEM 16A) and 
2 (ANO2, TMEM 16B) were identified as calcium-activated 
chloride channels (CACCs) relatively latter compared to the iden-
tification of KCa channels [27, 28]. ANO1 and ANO2 are widely 
expressed in different tissues and are involved in various physi-
ological conditions such as contraction of smooth muscles, control 
of blood pressure, control of cardiac excitability, signal transduc-
tion in olfactory and sensory neurons, and cell proliferation [29]. 
However, the expression and function of ANO1 and ANO2 in the 
brain have not been studied extensively. ANO1 has been reported 
not expressed in brain region [28], but recent study showed that 
ANO1 expressed in auditory brain stem nuclei and contributed to 
the high-frequency synaptic transmission of auditory signals [30], 
Also, it is confirmed that ANO2 expressed in various brain regions 
such as hippocampus [31], thalamus [32], cerebellum [33], and 
cortex [34].

Based on the intracellular chloride concentration ([Cl-]in), the 
activation of CACCs induces depolarization or hyperpolarization 
of cells. The relative ratio of Cl- transporter subtypes expressed 
on the cell membrane influences on the overall concentration of 
[Cl-]in and the corresponding driving force. Peripheral neurons 
and immature CNS neurons have the higher expression of Na+-
K+-Cl- cotransporter, NKCC, which mediates Cl- influx and have 
higher [Cl-]in owing to the activity of NKCC2 [35]. Therefore, the 
activation of CACCs triggers an outward chloride flow, resulting 
in depolarization of the membrane potential. ANO2, expressed 
at the presynaptic end of the olfactory epithelium [36] and retinal 
photoreceptors [37], mediates transepithelial Cl- secretion and pre-
synaptic Ca2+-activated depolarization of the membrane potential 
via the efflux of Cl-. In contrast, the high expression of K+/Cl- co-
transporter (KCC) of mature CNS neurons could extrude Cl- and 
maintain low [Cl-]in [38]. The activation of CACCs results in an 
inward flow of Cl- into the CNS neurons, hyperpolarizing them. It 
was recently found that ANO2 in thalamocortical (TC) and CA1 
hippocampal neurons mediates spike-frequency adaptation by 
generating a hyperpolarizing current (Fig. 2) [31, 32]. TC neurons 
that respond to a long depolarizing current input displayed Ca2+-
dependent prolongation of inter-spike intervals (Fig. 1A) [32]. 
Knockdown of ANO2 in TC neurons reduced this spike frequency 
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adaptation, and significantly decreased the mAHP currents (Fig. 
1B). Also, ANO2 in hippocampal pyramidal neurons could adjust 
the extent of synaptic excitation and control the waveform of the 
action potential [31]. This group showed that ANO2 regulated 
the duration of action potential by acting on repolarization steps 
whereas another study indicated that the activation of ANO2 
channel by persistent stimulus modulated the probability of action 
potentials by shunting effect. However, both studies agreed that 
the opening of ANO2 channel could induce hyperpolarization of 
neurons by Cl- influx and play an important role for breaker of ex-
citatory responses.

Several factors contribute to the different roles of peripheral 
and TC neuron CACCs. First, the reversal potential of Cl- in TC 
neurons with intact [Cl-]in is about -70 mV. This potential approxi-
mates the resting membrane potential of TC neurons, and is lower 
than the threshold required to activate voltage-gated Na+ channels. 
The endogenous [Cl-]in corrected with a relative permeability of 
0.2, based on a 15 mM [HCO3

-]in typical of CNS neurons, was 5.4 
mM. This low [Cl-]in in TC neurons is in agreement with previous 
reports demonstrating that the KCC2 is highly expressed in TC 
neurons, and actively results in Cl- efflux [39], leading to hyperpo-
larization of EGABA [40]. Secondly, ANO2 generates an outwardly 
rectifying current, while ANO1 manifests a linear I-V curve. 
Therefore, ANO2 generates a relatively large outward current in 
neurons with an endogenous ionic content at the depolarized 

membrane. Moreover, ANO2 activation is relatively less sensitive 
to Ca2+ compared to that of ANO1, which confers a unique role on 
ANO2 in the control of excitability of TC neurons. When TC neu-
rons generate spikes at a low frequency, the membrane potential of 
the neurons remains close to the reversal potential of Cl-, with low 
levels of Ca2+ influx. Therefore, ANO2 does not conduct substan-
tial currents, and TC neurons generate spikes at regular intervals. 
When TC neurons generate a barrage of spikes at high frequencies, 
the membrane of the TC neurons gets depolarized, accompanied 
by high levels of Ca2+ influx near the soma. Hyperpolarization of 
the membrane potential then occurs via the ANO2 current, which 
elongates the inter-spike intervals (Fig. 3). Therefore, ANO2 func-
tions to generate spike-frequency adaptation, resulting in interrup-
tion of the excessive firing in TC neurons. The endogenous Cl- re-
versal indicates that ANO2 mediates AHP current conduction in 
TC neurons, which might be assisted by the outwardly rectifying 
characteristic of the ANO2 channels. This phenotype was also ob-
served in the knockdown of ANO2 in CA1 hippocampal neurons, 
providing further evidence that Ca2+-activated Cl- conductance via 
ANO2 channels hyperpolarizes the membrane potential in these 
CNS neurons.

The thalamus-specific ANO2 knockdown significantly increased 
visceral pain responses, reflecting the level of sensory information 
transmission from the thalamus to the cortex [32]. The role of 
ANO2-mediated spike adaptation, which can be considered as a 

Fig. 3. Ca2+-dependent spike frequency adaptation medi-
ated by Ca2+-activated chloride channels in TC and CA1 
neurons. When a neuron is highly activated, Ca2+influx via 
voltage gated Ca2+ channel would increase the local [Ca2+]in 
in turn activate ANO2. The influx of Cl- caused by the low 
[Cl-]in in CNS neurons would hyperpolarize membrane 
potential, which would decrease the spike generation 
probability.
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type of self-inhibition in TC neurons, was emphasized on the basis 
of considerable increase in pain responses in mice with thalamic-
restricted ANO2 knockdown. Interestingly, ANO2 currents restrict 
excessive spike generation but do not interfere with information 
transmission by TC neurons up to a certain level of spike-frequen-
cy. Spike frequency adaption in neurons has been suggested as a 
crucial contributor to stimulus encoding by neurons. Specifically, 
spike adaptation may enable neurons to respond more sensitively 
to coinciding inputs, or to provide a major contribution to net-
work synchronization, suggesting that ANO2-mediated spike-
frequency adaptation in TC neurons may facilitate synchronized 
TC activity.

The question remains whether spike adaptation mediated by 
CACC is the general mode of restricting spike generation in the 
CNS. The role of ANO2-mediated spike adaptation in TC and 
CA1 neurons can be considered as a type of self-inhibition in 
neurons. [Cl-]in in neurons could play a crucial role in determining 
whether the CACC in neurons elicits hyperpolarization or depo-
larization of membrane potential. Several mature neurons in the 
CNS are known to have relatively low [Cl-]in. In CNS neurons, the 
action of potassium-chloride cotransporter KCC2 leads to lower 
levels of [Cl-]in, and the activation of CACCs induces inward chlo-
ride flow to hyperpolarize neurons [38]. Therefore, in the CNS, the 
influx of chloride ions through CACCs could possibly modulate 
spike-frequency adaptation via the shunting effect. 

Ca2+-MEDIATE SPIKE ADAPTATION IN CNS NEURONS

Spike adaptation is a self-inhibitory mechanism of neurons to 
control the amount of information transmission. KCa channels 
have long been known to be important mediators of spike adapta-
tion via generation of large AHP when neurons are hyper-activat-
ed. However, the reversal potential under the general extracellular 
and intracellular potassium content in the CNS is far polarized to 
the negative value from the threshold potential for action potential 
generation. Hence, KCa channels such as SKCa and BKCa channels 
strongly hyperpolarize the membrane potential and thus cease the 
action potential generation. In some types of neurons, a strong hy-
perpolarization is followed by the activation of hyperpolarization-
activated cation channels generating Ih current. In turn, neurons 
which express HCN and T-type Ca2+ channels together such as 
TRN neurons or cerebellar Purkinge neurons are shifted to low-
threshold burst firing mode. Therefore, activation of these chan-
nels is often related to oscillatory activity in these neurons.

In contrast, ANO2, one of CACCs, mediates spike adaptation 
without completely abolishing spike generation or shifting the 
firing mode of neurons to oscillatory mode with a large hyperpo-

larization. Instead, ANO2 tunes the spike frequency with gradual 
prolongation of inter-spike intervals. This seems to be possible 
as the reversal potential for CACCs are not far from the resting 
membrane potential. Therefore, ANO2 mediate a genuine form of 
spike adaptation, which limits excessive information transmission 
to the subsequent neurons, without disabling spike generation by 
the neurons. In conclusion, it could be suggested that a slow type 
of spike adaptation via CACCs could be a general mechanism to 
regulate information in CNS neurons. 
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