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Experience dependent alterations 
in neural activity are mediated by 

diverse forms of plasticity, which are 
conventionally thought to occur at either 
synaptic terminals and/or postsynaptic 
membrane, such as dendrites and cell 
soma. However, our recent study has 
revealed that plasticity is not limited 
to synaptic sites, but it also takes place 
at the site where neural activity arises, 
the axon initial segment (AIS), which 
is a highly specialized region in the 
axon concentrated with voltage-gated 
Na+ channels. We observed in an avian 
brainstem auditory neuron that the AIS 
reorganized itself to elongate after depri-
vation of sensory inputs, which aug-
mented the excitability of the neuron. 
Notably, this elongation of AIS caused 
spontaneous firing in some neurons, sug-
gesting its compensatory role to restore 
neural activity in the circuit. Given that 
the AIS is the source of neural activity, 
this plasticity should be a most efficient 
mechanism for neurons to control their 
activity. This finding will provide a new 
insight into development, maintenance 
and refinement of neural circuits.

Axon initial segment (AIS) is enriched 
with voltage-gated Na+ (Nav) channels 
and contributes to the induction of action 
potentials in neurons.1-4 AIS was classi-
cally defined as an unmyelinated region of 
the axon near the cell soma.5 However, our 
recent studies have revealed that the dis-
tribution of AIS is more diverse and deli-
cately determined in each neuron to meet 
its specific need.6,7 In nucleus magnocellu-
laris (NM) and nucleus laminaris of birds, 
which are the second and third order 
nuclei in the auditory pathway involved in 
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the calculation of binaural temporal infor-
mation for sound localization,8 the loca-
tion and the length of AIS vary among 
neurons depending on their frequency 
tuning, thereby optimizing their signal 
processing. This implies that the distribu-
tion of AIS is optimally tuned to synaptic 
inputs, thus playing a critical role in regu-
lating neural activity and function.

The optimal tuning of AIS further 
raised a possibility that the distribution 
of AIS could be modulated by presynaptic 
activity. This was indeed found in our lat-
est study,9 where chicks were monoaurally 
deprived by removing unilateral cochlea at 
posthatch day 1 and the effects were exam-
ined in NM. Within 7 days after depriva-
tion of auditory inputs, the length of Nav 
channel cluster at the AIS increased dra-
matically in the deprived side (see Fig. 1), 
while its location and channel density were 
not altered. Importantly, the Nav channel 
cluster was accompanied by ankyrinG, 
which is a membrane scaffold protein to 
anchor Nav channels at the AIS,10-12 indi-
cating that the AIS structure itself was 
elongated after auditory deprivation.

Elongation of AIS also occurred with 
less sever manipulations, such as tympanic 
membrane puncture or immobilization of 
middle ear bones, which attenuate audi-
tory inputs without damaging cochlea hair 
cells.13 Furthermore, the extent of elonga-
tion was systematically dependent on the 
levels of attenuation. These supported the 
idea that a decrease of presynaptic activity 
rather than a damage of cochlea itself trig-
gers this elongation.

As expected from the elongation of 
AIS, auditory deprivation increased Na+ 
current in the axon. Accordingly, spike 
threshold was reduced and spikes were 
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contributing to the maintenance of audi-
tory circuits after hearing loss. Notably, 
auditory deprivation disrupted the sound 
frequency dependence of AIS length in 
NM, indicating that the AIS plasticity 
may also play a role in the optimization of 
circuit function through tuning the AIS. 
These speculations should be tested in 
future studies.

Activity dependent change in the dis-
tribution of AIS was also found in hip-
pocampal pyramidal neurons in culture,17 
indicating that the AIS plasticity is not 
specific to the auditory system, but occurs 
generally in the brain. Interestingly, activ-
ity affects the location of AIS rather than 
the length in these neurons, suggesting 
that the phenotype of AIS plasticity may 
differ depending on neuronal types and 
brain areas.

The shift of AIS location was sensitive 
to blockers of voltage gated Ca2+ channels,17 
indicating that local [Ca2+]

i
 would be im-

portant for the AIS plasticity. Consistently, 
it is reported that Ca2+ channels are con-
centrated in the AIS18 and the expression 
of Nav channels could be regulated by 
[Ca2+]

i
 with a negative feedback mecha-

nism.19 It is interesting to see whether 
the elongation of AIS is also dependent 
on [Ca2+]

i
, and if so, what determines 

the phenotype of AIS plasticity i.e., loca-
tion or length. Additional works are also 
needed on detailed molecular mechanisms 
downstream [Ca2+]

i
.

It has become evident that AIS is more 
dynamic than previously thought and 
changes its distribution to regulate neu-
ronal activity. This new form of plastic-
ity should have the most direct impacts 
on neuronal excitability and play a crucial 
role in determining output of neurons. 
However, many questions remain on the 
characteristics, mechanisms and signifi-
cance of this AIS plasticity. Unveiling these 
issues will reinforce our knowledge on neu-
ronal computation as well as mechanisms 
to maintain homeostasis of neural circuit.
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generated with a smaller current in the 
deprived side. In consequence, spontane-
ous firing appeared in some neurons after 
auditory deprivation. Thus, we showed 
that auditory deprivation elongates the 
AIS, thereby enhancing the excitability of 
NM neurons. This indicates that AIS has 
a capacity for plasticity and reorganizes 
itself to regulate neural activity.

What are the roles of this AIS plas-
ticity in the auditory circuit? NM neu-
rons are driven at high rates by auditory 
nerve activity in vivo,14 which completely 
disappears after auditory deprivation15  
(see Fig. 1). Neural activity is crucial 
for the maintenance of neural circuits.16 
Thus, the restored activity of NM neurons 
after auditory deprivation may indicate 
that the AIS plasticity works as a homeo-
static mechanism to compensate for the 
loss of auditory nerve activity, thereby 

Figure 1. AIS plasticity compensates for the 
loss of auditory (8th) nerve activity in NM. 
Length of AIS (red) increases several days 
after deprivation of auditory inputs, which 
enhances the membrane excitability and 
restores firing in NM neuron (bottom).  
See the text for details.


