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The axon initial segment (AIS) is the site of spike initiation in neurons. Previous studies revealed that spatial distribution of the AIS varies
greatly among neurons to meet their specific needs. However, when and how this differentiation arises is unknown. Neurons in the avian
nucleus laminaris (NL) are binaural coincidence detectors for sound localization and show differentiation in the distribution of the AIS,
with shorter length and a more distal position from the soma with an increase in tuning frequency. We studied these characteristics of the
AIS in NL neurons of the chicken during development and found that the AIS differentiates in its distribution after initial formation, and
this is driven by activity-dependent and activity-independent mechanisms that differentially regulate distal and proximal boundaries of
the AIS. Before hearing onset, the ankyrinG-positive AIS existed at a wide stretch of proximal axon regardless of tuning frequency, but
Na � channels were only partially distributed within the AIS. Shortly after hearing onset, Na � channels accumulated along the entire AIS,
which started shortening and relocating distally to a larger extent in neurons with higher tuning frequencies. Ablation of inner ears
abolished the shortening of the AIS without affecting the position of its proximal boundary, indicating that both distal and proximal AIS
boundaries are disassembled during development, and the former is dependent on afferent activity. Thus, interaction of these activity-
dependent and activity-independent mechanisms determines the cell-specific distribution of the AIS in NL neurons and plays a critical
role in establishing the function of sound localization circuit.
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Introduction
Efficient conversion of synaptic potentials into action potentials
is critical for the precise and reliable signal processing of nervous
systems. Action potentials are generated at the axon initial seg-
ment (AIS), which is a specialized axonal compartment clustered
with a high density of voltage-gated Na� (Nav) channels (Bender
and Trussell, 2012; Kole and Stuart, 2012). Vast knowledge has
been accumulated on the formation of the AIS (Rasband, 2010).
During development, a membrane scaffold protein, ankyrinG, is
initially recruited to the AIS and triggers the clustering of Nav
channels in concert with cytoskeletal and cell adhesion molecules
(Zhou et al., 1998; Jenkins and Bennett, 2001; Garrido et al., 2003;
Hedstrom et al., 2007; Yang et al., 2007). Previously, it became
evident that the AIS is differentiated in individual neurons, in
terms of its spatial distribution (Hossain et al., 2005; Kuba et al.,
2006; Fried et al., 2009; Kuba and Ohmori, 2009) as well as ex-
pression of membrane proteins (Van Wart et al., 2007; Lorincz
and Nusser, 2008; Clark et al., 2009; Sánchez-Ponce et al., 2012),

which play a crucial role in the signal processing of the neurons.
However, when and how the differentiation of the AIS is estab-
lished remains elusive.

Neurons in the avian nucleus laminaris (NL) detect the
coincidence of synaptic inputs from both ears and encode
interaural time differences for sound localization (Konishi,
2003). NL neurons are tuned to a specific frequency of sounds
[characteristic frequency (CF)] and arranged tonotopically
within the nucleus, such that the CF of neurons decreases from
a rostromedial to caudolateral direction (Rubel and Parks,
1975). NL neurons show several differentiations in their mor-
phology and function along the tonotopic axis (Smith and
Rubel, 1979; Kuba et al., 2005). One remarkable example is the
spatial distribution of the AIS; its length becomes shorter and
its position relative to the soma more distal in neurons with
higher CF (Kuba et al., 2006). This differentiation of the AIS
enables NL neurons of each CF to respond appropriately to
their synaptic inputs, thereby ensuring the precise calculation
of interaural time differences against a wide range of sound
frequencies.

In this study, we examined the AIS of NL neurons along the
tonotopic axis during development and explored mechanisms
underlying the differentiation of AIS distribution. Because the
AIS of mature neurons has a capacity for plasticity in its distribu-
tion (Grubb and Burrone, 2010; Kuba et al., 2010) and develop-
ment of the sensory system depends on peripheral activity (Katz
and Shatz, 1996), we focused on the effects of cochlea activity on
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the differentiation. We found that the AIS was initially formed in
a uniform pattern regardless of tonotopic regions and was then
refined into the mature pattern with further development, and
this refinement was driven by both activity-dependent and
activity-independent mechanisms.

Materials and Methods
Animals. Chickens (Gallus domesticus) of either sex between embryonic
day 9 (E9) and posthatch day 7 (P7) were used for immunohistochem-
istry and electrophysiology. The experimental animals’ care was in accor-
dance with the guidelines of Nagoya University. The developmental stage
of embryos was determined according to the Hamburger and Hamilton
(1951) series. Chicks were deeply anesthetized with ether (Nacalai), and

embryos were anesthetized by cooling eggs in ice-cold water. Some data
of posthatch chicks were adopted from Kuba et al. (2006).

Classification of tonotopic regions. We divided the NL into three CF
regions, according to the position within the nucleus; the rostromedial
one-third of the NL is defined as the high-CF region, the middle one-
third as the middle-CF region, and the caudolateral one-third as the
low-CF region (Fig. 1B; Kuba et al., 2005). Although a clear relationship
between CF and position is found in the NL of late embryos and post-
hatch chicks (Rubel and Parks, 1975; Lippe and Rubel 1985), the rela-
tionship in early embryos is unknown. Moreover, the CF of neurons may
change with development (Lippe, 1995; but see Jones et al., 2006). There-
fore, the CF used here is a relative measure in each age and has no relation
to the absolute sound frequency.

Figure 1. Development of Nav pan immunoreactivity in NL. A, The course of development of the chicken auditory system. B, Tonotopic regions are based on position within the nucleus; the
rostromedial one-third is defined as the high-CF region, the middle one-third as the middle-CF region, and the caudolateral one-third as the low-CF region (Rubel and Parks, 1975; see Materials and
Methods). C, Immunosignals of Nav pan at three tonotopic regions of NL. Fibrous clusters were observed as early as E9 and became longer and distinct by E15. After E15, the clusters became shorter,
particularly in the high-CF regions. Dot-like immunosignals that correspond to nodes of Ranvier appeared at late embryonic periods. D, Cumulative probability of length of clusters in C. Measure-
ments were made for �30 clusters at each CF region in each animal, and three to four animals were used for each age (see Materials and Methods). The curves shifted positively between E9 and E15
at all the CF regions, whereas the curves shifted negatively afterward to a greater extent in the higher-CF regions.
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Immunohistochemistry. Guinea pig anti-chick polyclonal Nav1.6 anti-
body (0.49 �g/ml; Kuba et al., 2006), Nav1.2 antibody (0.68 �g/ml; Kuba
et al., 2010), mouse monoclonal Nav pan antibody (5 �g/ml, Sigma),
myelin-associated glycoprotein (MAG) antibody (2.5 �g/ml, Sigma),
NeuN antibody (2 �g/ml, Millipore), and rabbit polyclonal ankyrinG
antibody (5 �g/ml; Bouzidi et al., 2002) were used for immunohisto-
chemistry. Detailed immunohistochemical procedures were described
previously (Kuba et al., 2010). Briefly, chicks and chick embryos were
perfused transcardially with a periodate–lysine–paraformaldehyde fixa-
tive (milliliter per gram body weight): 2% (w/v) paraformaldehyde, 2.7%
(w/v) lysine HCl, 0.21% (w/v) NaIO4, and 0.1% (w/v) Na2HPO4. The
brainstem was postfixed for 4 h at 4°C. After cryoprotection with 30%
(w/w) sucrose in PBS, coronal sections (20 –30 �m) were obtained. The
sections were incubated overnight with the primary antibodies, then with
Alexa-conjugated secondary antibodies (10 �g/ml, Invitrogen) for 2 h,
and were observed under a confocal laser-scanning microscope (FV1000,
Olympus). Visualization of NL neurons was made either with electropo-
ration of dye (Alexa 488 hydrazide, 4 mM) into a cell with a patch elec-
trode in brain slices, or with injecting tetramethylrhodamine-conjugated
dextran (molecular weight, 3000; Invitrogen; 10% in PBS) into the supe-

rior olivary nucleus for embryos (Wirth et al.,
2008) and Alexa 488-conjugated dextran (mo-
lecular weight, 10,000; Invitrogen; 10% in PBS)
into the inferior colliculus for chicks (Kuba et
al., 2006). With these procedures, a possibility
that GABAergic neurons known to exist
around the NL were labeled should be small,
because they are local interneurons, very few in
number, and located apart from the somatic
layer of NL neurons (von Bartheld et al., 1989;
Yamada et al., 2013). For each image, six to
nine confocal planes were Z-stacked with a step
of 1 �m. Immunosignals were measured as de-
scribed previously (Kuba et al., 2010).

Electrophysiology. Coronal brain slices (200 –
250 �m) were obtained from E15–P7 chickens.
During experiments, slices were perfused with
artificial CSF [ACSF; containing (in mM) 125
NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaHPO4, 2
CaCl2, 1 MgCl2, and 17 glucose, pH 7.4]. Re-
cordings were made using a patch-clamp am-
plifier (Axopatch 200B, Axon). Recording
temperature was 40°C, the body temperature
of birds. Pipettes had a resistance of 3– 4 M� (3
�m tip diameter) when filled with a KCl-based
internal solution (160 mM KCl, 0.2 mM EGTA,
10 mM HEPES-KOH, pH 7.4). The liquid junc-
tion potential (3.1 mV) was corrected after the
experiments. Data were sampled at 100 kHz
and were low-pass filtered at 10 kHz.

Operations. NL neurons receive inputs from
both sides of the ears via the nucleus magno-
cellularis, the avian cochlear nucleus inner-
vated by the auditory nerve. Thus, we deprived
cochlea-driven activity of NL neurons by re-
moving bilateral otocysts as described previ-
ously (Parks, 1981). In brief, the shell and
membranes covering the embryo were opened,
and the bilateral otocysts were dissected with a
sharp glass needle at E2, corresponding to stage
12 or 13. The egg was then incubated until E21
after closing the opening with Scotch tape. Suc-
cess of otocyst removal was confirmed by the
absence of the cochlea organ and auditory
bundle in the brainstem (see Fig. 6A, right, ar-
rowheads). Accordingly, no afferent activity
generated in the ears can reach the NL at any
stage of development. In this condition, how-
ever, intrinsic activity of magnocellularis neu-
rons may remain and cause excitatory inputs in

NL neurons (Parks et al., 1987; see Discussion).
Computational model. Neuronal modeling and simulation were made

as described previously (Kuba et al. 2006), on the basis of the morpho-
logical and electrophysiological data of the posthatch chick NL neurons
in the high-CF region (Kuba et al., 2005). Briefly, the model consisted of
multiple sections: a soma; 20 dendrites; and an axon with an axon hill-
lock, an AIS, 10 myelinated internodes, and 10 nodes of Ranvier. Hodg-
kin–Huxley type Na � current (Rothman and Manis, 2003), low-voltage
activated K � current (IKLVA), and high-voltage activated K � current
(IKHVA; Rathouz and Trussell, 1998) were incorporated in the soma, the
AIS, and the nodes. gKLVA (0.006 S/cm 2) and gKHVA (0.003 S/cm 2) in the
soma were determined according to the experimental observations
(Kuba et al., 2005). gNa (16 S/cm 2), gKLVA (0.13 S/cm 2), and gKHVA (1.3
S/cm 2) in the axon were determined to simulate the spike shape of actual
neurons. The temperature was 40°C and the Q10 was 3.0. The time step of
calculation was 12.5 �s.

Statistics. Statistical significance was determined with paired or un-
paired Student’s t test. Values are presented as the mean � SE (n indicates
the number of cells).

Figure 2. Development of Nav channel distribution within the AIS. A, Immunostainings of Nav pan (left) and ankyrinG
(middle) were made at the high-CF region and overlaid (right). B, Intensities of Nav and ankyrinG signals along the clusters
in A (white arrowheads) were normalized and plotted. C, Relative length of Nav and ankyrinG clusters at each age of
animals. Note that signals of Nav channels were apparently shorter than those of ankyrinG at E9 and E12 (B, C; see also A,
green arrowheads), and this discrepancy disappeared by E15, indicating that the distribution of Nav channels represents
that of the AIS structure after E15 (see Results). D, Length of ankyrinG clusters did not change between E12 and E15 at both
high- and low-CF regions, suggesting that the AIS structure reached its maximum length by E12 regardless of CF regions.
Measurements were made for �10 clusters at each CF region in each animal, and three to four animals were used for each
age (see Materials and Methods). **p � 0.01.
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Results
Development of Nav expression along
the tonotopic axis
We first examined the distribution of Nav
channels in the NL of chickens between E9
and P3–P7 with an antibody that recog-
nizes all known neuronal Nav channels
(Nav pan) (Fig. 1). In the NL, Nav chan-
nels were observed as fibrous clusters, and
the distribution changed dramatically
with development. At E9, a period much
after the generation of NL neurons (Rubel
et al., 1976) and just before the appear-
ance of functional synapses (Gao and Lu,
2008; Fig. 1A), the Nav channel clusters
were already present and showed similar
distributions throughout the tonotopic
axis (Fig. 1B,C), indicating that the initial
targeting of Nav channels to the AIS oc-
curs independently of afferent inputs and
tonotopic regions. The clusters became
more distinct at E12, corresponding to the
onset of hearing (Saunders et al., 1973),
and increased in length until E15. This
elongation was similar among CF regions,
and the cumulative probability of clusters
longer than 20 �m was below 20% and
40 –50% for E12 and E15, respectively
(Fig. 1D).

Around E15, the clusters of Nav chan-
nels started to decrease in length (Fig.
1C,D). Importantly, this shortening oc-
curred in a region-specific manner and to
a greater extent in higher-CF regions. The
length of Nav clusters at 50% probability
was 17.4, 18.0, and 19.6 �m for high-,
middle-, and low-CF regions, respec-
tively, at E15, and decreased to 14.7, 15.5,
and 18.9 �m, respectively, at E18. These
values further decreased to 12.3, 14.6, and
17.9 �m, respectively, by E21. Accord-
ingly, the tonotopic gradient in the length
of Nav clusters (Kuba et al., 2006) became
obvious by E21, and this differentiation
continued until early posthatch periods
(P3–P7).

Importantly, the density of Nav clus-
ters, defined as the number within 100
�m along the mediolateral axis of NL, was
the highest at E9 (46.2 � 0.2 clusters/100
�m), which declined to 30% until E12 (14.1 � 0.3 clusters/100
�m) and further to 14% until around the hatch (6.2 � 0.4 clus-
ters/100 �m; three animals for each age). This should be attrib-
utable to the neuronal cell death that occurs in NL after E9 (Rubel
et al., 1976). Indeed, when we measured the density of NL neu-
rons after staining them with a neuronal marker (NeuN; see Ma-
terials and Methods), the density declined in parallel with that of
Nav clusters, and there were no differences between them at each
age (p � 0.1). The apoptotic process is almost completed by the
time when the differentiation starts in NL (E15; Rubel et al.,
1976), and therefore the effects of apoptosis on the CF-region
specificity of Nav clusters would be limited.

Development of ankyrinG expression
AnkyrinG is a scaffold protein that anchors Nav channels and
defines the structure of the AIS (Rasband, 2010). We therefore
examined the expression of ankyrinG in relation to that of Nav
channels. Fig. 2A shows such data obtained from the high-CF
region. In the NL, clusters of ankyrinG (Fig. 2A, middle) were
noted as early as E9, and overlapped with those of Nav channels
(Fig. 2A, left, right). Notably, however, the length of ankyrinG
clusters was far greater than that of Nav clusters at E9 and E12
(Fig. 2A, green arrowheads, B,C). Moreover, the length remained
almost constant before E15 (Fig. 2D), indicating that the struc-
tural basis of the AIS is already established, but that Nav channels
are heterogeneously expressed within the AIS at these ages. The

Figure 3. Developmental refinement of spatial distribution of the AIS. A, Immunostainings of Nav channels (red, arrowheads)
after labeling of NL neurons (green). B, Correlation between length (D-P) and proximal position (P-S) of the AIS. S, P, and D denote
soma, proximal, and distal ends of AIS, respectively. Each plot represents individual cells. C, Length of AIS (D-P, red). D, Proximal
(P-S, green) and distal (D-S, orange) positions of the AIS relative to the soma. Gray symbols encircled by red (C) or green or orange
(D) are values in animals deprived of bilateral otocysts from Figure 6. After E15, the AIS decreased in length and increased in
distance of proximal position to a greater extent in the higher-CF regions. Accordingly, a negative correlation became apparent at
E18, and pronounced until P3–P7. The refinement would be saturated by P3–P7, as the AIS parameters in P3–P7 were not
different from those in older animals (P10, 3 animals) at each CF region ( p � 0.1). In this and subsequent figures, numbers in
parenthesis are the number of cells. *p � 0.05; **p � 0.01. Statistical significance was tested against E15 (black asterisks) and
against otocyst-deprived animals at E21 (gray asterisks; Figs. 6, 7).
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discrepancy might reflect a variation in activity or expression of
molecules that regulate targeting of Nav channels within the AIS
(Bréchet et al., 2008). Delay in the expression of potassium chan-
nels as well as Nav channels compared with that of ankyrinG was
also reported in developing hippocampal neurons in culture
(Sánchez-Ponce et al., 2008, 2012). Importantly, distribution of
neither ankyrinG nor Nav channels differed among the CF re-
gions before E15, suggesting that their initial targeting to the AIS
proceeds independently of tonotopic region.

By E15, the length of Nav clusters elongated (Fig. 1), and the
distribution of ankyrinG nicely matched that of Nav channels,
indicating the establishment of the AIS structure with Nav chan-
nels along its entire length. This further indicates that the increase
in the length of Nav clusters can be attributed to the accumula-
tion of Nav channels to the AIS rather than elongation of the AIS
structure. This accumulation of Nav channels occurred similarly
regardless of CF region (Fig. 2C). Thus, the distribution of Nav
channels should reflect the AIS structure after E15, and therefore
we relate any changes in the Nav channel cluster to those of AIS
structure in later sections.

CF-dependent development of AIS
The results indicate that the CF region-specific refinement of the
AIS progresses after E15. However, the analyses did not provide
information on the location of the AIS relative to the soma (Kuba
et al., 2006). Furthermore, the analyses included AIS that had
been cut during preparation of slices. This would have resulted in
an underestimation of their lengths. To examine more thor-
oughly the spatial distribution of the AIS during the refinement,
immunostainings of Nav channels were made between E15 and
P3–P7 after retrograde or electrophoretic labeling of NL neurons
(Fig. 3; see Materials and Methods).

As in the results of Fig. 1, the length of the AIS [the length
between the distal and proximal ends of the AIS (D-P)] was max-
imum and did not vary among the CF regions at E15 (�30 �m;
Fig. 3A,B,C, red). After E15, the length of the AIS was greatly
reduced in the high-CF region (Fig. 3C, left), moderately in the
middle-CF region (Fig. 3C, middle), and slightly in the low-CF
region (Fig. 3C, right), forming the tonotopic gradient in the
length of the AIS in mature animals. The extent of shortening
between E15 and P3–P7 was 63, 50, and 21% of the values at E15
for high-, middle-, and low-CF regions, respectively, and the
lengths at P3–P7 were 9.8 � 0.5, 14.4 � 0.9, and 23.9 � 1.1 �m,
respectively (p � 0.01).

In parallel with the changes in length, the location of the AIS,
measured as a distance between its proximal end and the soma
(P-S), started to change after E15 (Fig. 3A,B,D, green). The prox-
imal end of the AIS shifted away from the soma greatly in the
high-CF region (Fig. 3D, left) and moderately in the middle-CF
region (D, middle), but the change was negligible in the low-CF
region (D, right), causing the tonotopic gradient in the location
of the AIS (P-S). The extent of P-S displacement between E15 and
P3–P7 was 234, 99, and below 15% of the values at E15 for high-,
middle-, and low-CF regions, respectively, and the P-S distances
at P3–P7 were 45.2 � 3.3, 21.1 � 1.3, and 7.9 � 1.0 �m, respec-
tively (p � 0.01).

The position of distal end of the AIS, measured as its distance
from the soma (D-S), changed differently along the tonotopic
axis as well (Fig. 3D, orange); the distal end continuously moved
away from the soma after E15 in the high-CF region (Fig. 3D,
left), but approached the soma in the middle- and low-CF regions
(Fig. 3D, middle, right). These differential movements of both
the distal and proximal ends of the AIS created the tonotopic

gradients in the length (D-P) and the location (P-S) of the AIS
(see Discussion). Accordingly, a negative correlation appeared
between these parameters around E18, and its slope continued to
decrease until around the hatch (Fig. 3B, red lines).

Subtypes of Nav channels
It is known that the AIS initially expresses Nav1.2, and Nav1.6
appears later during development (Boiko et al., 2003; Osorio et
al., 2005). We then examined how the expression of these chan-
nels is regulated in NL (Fig. 4). Until E15, the ankyrinG-positive
AIS was immunopositive to Nav1.2, but not to Nav1.6 (Fig.
4A,B, top). At E18, the AIS became immunopositive to both
Nav1.6 and Nav1.2 (Fig. 4A,B, middle). The immunosignals at
E18, however, were weak in intensity and shorter in distribution
than those of ankyrinG. In this context, immunosignals of Nav
pan at E18 were matched notably with those of ankyrinG (Fig. 2),
suggesting that the expressions of Nav1.2 and Nav1.6 would be
complementary at this age. At E21, immunosignals of Nav1.6
colocalized perfectly with those of ankyrinG, and Nav1.2 was no
longer detectable (Fig. 4A,B, bottom). Thus, it is envisaged that
Nav1.2 is initially targeted to the AIS, and replaced with Nav1.6
between E15 and E21 in the NL. The time course of switching did
not differ among the CF regions (data not shown).

Development of action potentials
The refinements of the AIS were reflected in the properties of
spikes recorded at the cell soma of NL neurons. Until E15, spikes
showed a high threshold potential and broad time course, which
did not differ between the high- and low-CF regions (Fig. 5A). In
both CF regions, the threshold potential of spikes was reduced
after E15 (Fig. 5E), suggesting an increase in the Na� conduc-

Figure 4. Developmental switching of Nav channel subtypes. A, B, Immunostainings of
ankyrinG (red, middle) and either Nav1.2 (A) or Nav1.6 (B) (green, left) were made at the
high-CF region and overlaid (right). Note that the AIS was immunopositive for both Nav1.2 and
Nav1.6 at E18 (arrowheads).
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tance. This would be due to an increase in the number of Nav1.6
(Figs. 1, 4), which has a lower threshold for activation than
Nav1.2 (Rush et al., 2005). Consistent with this, the amplitude
and maximum dV/dt of spikes increased after E15 in the low-CF
region (Fig. 5C,F). In the high-CF region, on the other hand,
these parameters did not change until E18 and decreased there-
after. Furthermore, the rise time of spikes was shortened after E18
at the low CF, but remained constant at the high CF, making the
rise time far slower in the high-CF region (Fig. 5A,D). Accord-
ingly, spikes were separated into two distinct groups in terms of
amplitude and rise time, and showed a clear negative correlation
between the parameters (Fig. 5B). The negative correlation pro-
gressed in parallel with an increase in the distance of the AIS (Fig.
3C), indicating that the small and slow spikes in the high-CF
region would be attributable to filtering effects of the axon (Figs.
1–3). Indeed, when spikes were simulated in a computer model of
an NL neuron (Kuba et al., 2006; see Materials and Methods), an
increase in the distance of the AIS from the soma decelerated the
rising phase and reduced the amplitude (Fig. 5G), whereas a de-

crease in the AIS length had smaller effects on these parameters
(Fig. 5H).

Passive membrane properties of NL neurons changed dur-
ing development (Table 1); the input resistance was reduced,
and the membrane time constant was shortened by 6 –10
times, regardless of CF region, between E15 and P3–P7, caus-
ing an increase in the threshold current by 2–3 times in both
CF regions (Fig. 5A, gray). These were primarily due to the
increases of K � conductance and hyperpolarization-activated
cation conductance during the period (Kuba et al., 2002; Gao
and Lu, 2008). Among them, the increase of K � conductance
is greater at the high- and middle-CF regions than at the
low-CF region (Kuba et al., 2005), which may underlie the
tonotopic variations in the spike parameters (Fig. 5B). How-
ever, this possibility should be small because the maximum
dV/dt and amplitude of spikes were still smaller and the rise
time slower in the higher-CF regions after this K � conduc-
tance was blocked with dendrotoxin (data not shown).

Figure 5. Refinement of the AIS was reflected in action potentials. A, Action potentials in response to depolarizing current steps of 3 nA (red or blue) and the threshold current (gray), defined as
the minimum current to induce a spike. Spikes at the high CF (left) and the low CF (middle) were overlaid after alignment at the threshold (right, arrowheads). Spikes became faster with
development, but to a lesser extent and with smaller amplitude in the high-CF region. Note that spike peak is delayed and lower for the high-CF (red) compared with the low-CF region (blue, arrow)
at E21 and P3–P7 (right). B, Correlation between the rise time and amplitude of action potentials. Rise time was defined as the 10 –90% time interval between threshold and peak. C–F, Amplitude
(C), rise time (D), threshold (E), and maximum dV/dt (F ) of action potentials. Note that the amplitude and maximum dV/dt decreased after E18 in the high-CF region. G, H, Effects of P-S (distance,
G) and D-P (length, H ) of AIS on action potentials in a model neuron (see Materials and Methods). Left, Spikes induced by two different AIS geometries were overlaid after alignment at the threshold
(arrowheads). Right, Amplitude (circles) and rise time (squares) of spikes plotted against P-S (G) and D-P (H ) of AIS. The parameters of the AIS were varied according to observations in the high-CF
region (Fig. 3C). *p � 0.05; **p � 0.01.
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Effects of otocyst removal on development of AIS
The tonotopic differentiation of the AIS occurs after hearing on-
set (E12). This differentiation may be initiated in part, if not
completely, by afferent inputs, because the deprivation of afferent
inputs is known to increase the length of the AIS in mature audi-
tory magnocellularis neurons (Kuba et al., 2010). To test this
idea, we removed bilateral otocysts at the prehearing period (E2;
see Materials and Methods) and examined the effects at E21. This
procedure completely abolished the formation of inner ears and
auditory nerve bundles (Fig. 6A, right, arrowheads; see legend),
implying that no cochlea-driven activity reached NL neurons
during development (Parks et al., 1987). Bilateral otocyst depri-
vation had a significant impact on the distribution of AIS (Fig. 6),
whereas it did not affect the density of NL neurons (Parks et al.,
1987). In the high-CF region, the AIS was still located distally
from the soma, but it was apparently elongated in the deprived
animals (Fig. 6B, left, D); the lengths (D-P) were 12.5 � 0.6 and
21.5 � 0.8 �m without and with deprivation, respectively (p �
0.01). In the low-CF region, on the other hand, the extent of
elongation was much smaller, and the lengths were 24.3 � 1.1
and 27.6 � 1.0 �m without and with deprivation, respectively
(p � 0.05; Fig. 6B, right, D). Thus, the otocyst deprivation caused
an increase in the length of the AIS to a greater extent in the
higher-CF regions, reducing the tonotopic gradient in the length
of the AIS. This elongation occurred because the distal end of the
AIS shifted away from the soma (Fig. 6F, D-S) without changes in
the position of the proximal end (Fig. 6E, P-S) in the deprived
animals. Accordingly, the negative correlation between the
length and the P-S distance of the AIS became less prominent in
the deprived animals (Fig. 6G, red line). Nav1.6, but not Nav1.2,
was expressed at the AIS in the E21 deprived animals, suggesting
that the switching of Nav subtypes occurs independently of affer-
ent inputs (Fig. 6C). These data indicate that both activity-
dependent and activity-independent mechanisms are involved in
the developmental refinement of AIS distribution in NL neurons.

Otocyst deprivation affected properties of action potentials as
well (Fig. 6H). In the deprived animals, spikes increased in the
amplitude, but did not change in the rise time, and the negative
correlation between these parameters remained (Fig. 6I; see also
Fig. 5B); the amplitude was 42.6 � 2.9 mV for the high-CF region
(n � 7) and 56.2 � 1.6 mV for low-CF region (n � 9; p � 0.01),
whereas the 10 –90% rise times were 0.18 � 0.01 and 0.13 � 0.01
ms, respectively (p � 0.01). This was consistent with the results of
the simulation, showing that the spike shapes are strongly depen-
dent on the distance of the AIS (Fig. 5G,H). The increase of spike
amplitude in the high-CF region could be due to an increase of

Nav conductance associated with the elongation of the AIS; the
otocyst deprivation increased the maximum dV/dt of spikes by
62% (251.6 � 27.1 V/s, n � 7, p � 0.01) and reduced the thresh-
old current by 26% (1.1 � 0.1 nA, n � 7, p � 0.01), whereas it had
rather small effects on passive membrane properties of the neu-
rons (Table 1).

Discussion
The present study characterized developmental changes in the
distributions of the AIS and Nav channel subtypes in NL neurons.
Before E12, the ankyrinG-positive AIS already existed with a sim-
ilar distribution throughout tonotopic regions, although it was
still “immature” until E15 in terms of Nav channel distribution
(Figs. 1, 2). Subtypes of Nav channels were similar among the CF
regions as well, and switched from Nav1.2 to Nav1.6 at �E18
(Fig. 4). On the other hand, the refinement of spatial distribution
of the AIS depended on tonotopic regions and started at �E15;
the length becomes shorter, with the location becoming more
distant in NL neurons with higher CF, causing the CF-region-
specific differentiation of the AIS in mature neurons (Fig. 3).
Thus, the development of the AIS could be separated into two
processes, that is, CF-region-independent initial formation, in-
cluding targeting and switching of Nav channels, and CF-region-
dependent refinement of spatial distribution. The ablation of
otocysts diminished the tonotopic gradient in the length of AIS,
suggesting a substantial contribution of afferent inputs to the
refinement of the AIS (Fig. 6).

CF-region-dependent refinement of spatial distribution of
the AIS
The spatial distribution of the AIS is refined in a CF-region-
specific manner after E15 (Fig. 3). Then what is the mechanism of
this refinement of the AIS? The refinement occurred at both
proximal and distal ends of the AIS, suggesting that assembly
and/or disassembly of the AIS structure at these sites is involved
in the process (Fig. 7, see legend). Thus, we first estimated the net
shifts of proximal and distal ends of the AIS between E15 and E21
at each CF region by subtraction of P-S and the distance between
distal end and the D-S at E15 (Fig. 3D, green, orange, respec-
tively) from P-S and D-S at E21, respectively (Fig. 7A,B). The
proximal end of the AIS shifted distally in the high-CF region,
with smaller degrees in the middle-CF region, whereas the change
was negligible in the low-CF region, indicating that the proximal
end of the AIS is disassembled to a larger extent in the higher-CF
regions (Fig. 7A,E, green). This disassembly was independent
from afferent activity (Figs. 6E, 7F).

Table 1. Passive membrane properties of NL neurons during development

Control
Deprived
E21E15 E18 E21 P3–P7

�m (ms)
High 8.2 � 0.9 (8)** 4.0 � 0.4 (6)* 1.6 � 0.2 (6)** 0.9 � 0.1 (24)** 1.5 � 0.3 (5)
Low 13.3 � 1.9 (6) 5.4 � 0.6 (5) 2.5 � 0.1 (7) 1.3 � 0.1 (20) 2.5 � 0.6 (5)

Rm (M�)
High 106.7 � 14.5* 60.5 � 4.1* 26.0 � 2.4** 16.5 � 2.2 31.0 � 1.3
Low 160.5 � 20.4 74.4 � 4.5 35.7 � 1.4 18.5 � 1.6 43.2 � 8.1

Cm (pF)
High 77.9 � 4.4 65.9 � 5.3 60.0 � 3.1* 55.4 � 3.0* 46.5 � 4.6 #

Low 82.3 � 2.6 72.3 � 3.7 71.3 � 1.7 70.7 � 6.3 55.2 � 2.8 ##

Parameters were obtained from voltage responses to a current of 50 pA amplitude and 40 ms duration. Otocyst deprivation was done as described in Materials and Methods. Numbers of cells are indicated in parenthesis. Reduction of Cm may
reflect shortening of dendrites in deprived animals (Parks et al., 1987).

*p � 0.05; **p � 0.01 (between high- and low-CF regions, respectively).
#p � 0.05; ##p � 0.01 (between control and deprived animals at E21).
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Movements of the distal end of the AIS were rather complex; it
was displaced distally in the high-CF, and proximally in the
middle- and low-CF regions, implying that the distal end is as-
sembled in the former and disassembled in the latter (Fig. 7B,E,
orange). This complexity appears to result from the interaction
between activity-dependent and activity-independent processes.
The activity-dependent component of the net shift of the distal
end was estimated by subtraction of D-S in otocyst-deprived an-
imals at E21 (Fig. 3D, gray symbols encircled by orange) from
that in nondeprived animals at E21 (Figs. 3D, orange; 7C, see
legend). This activity-dependent process is likely to promote the
disassembly of the AIS structure at the distal end of the AIS to a
greater extent in the higher-CF regions (Fig. 7C,E,F, blue). On
the other hand, the activity-independent component was esti-
mated by the subtraction of D-S in nondeprived animals at E15
(Fig. 3D, orange) from that at E21 in otocyst-deprived animals

(Figs. 3D, gray symbols encircled by orange; 7D, see legend). This
activity-independent process appears to cause strong and mod-
erate assembly in the high- and middle-CF regions, respectively,
whereas the effect is negligible in the low-CF region (Fig. 7D,E,F,
purple; see also Fig. 3D). Thus, the following three processes are
likely to be involved in the refinement of the AIS during develop-
ment in NL neurons: (1) activity-independent disassembly at the
proximal end of the AIS (green), (2) activity-dependent disas-
sembly at the distal end (blue), and (3) activity-independent as-
sembly at the distal end (purple). Balancing these processes is
critical, and they must be more active in the higher-CF regions.

Another possible mechanism may be that developmental
stretch occurs in the axon between the soma and the AIS, which
moves the entire AIS away from the soma. Such a stretch elonga-
tion may be caused by mechanical forces imposed on the axon
during development (Pfister et al., 2004). In this case, the length

Figure 6. Refinement of the AIS was partially blocked by bilateral otocysts deprivation. A, Immunostainings of myelin marker (MAG, top) and dorsal surface of brainstems (bottom) from normal
(left) and deprived (right) animals at E21. Note that the auditory nerve is identified as MAG-immunopositive fibers (top, red arrowheads) and white bundles (bottom, green arrowheads) only in
normal animals. M, Medial; V, ventral; VIII, auditory nerve; NM, nucleus magnocellularis. B, Immunostainings of Nav channels (red, arrowheads) after labeling of NL neurons (green) in deprived
animals. C, Immunostainings of ankyrinG (red, middle) and either Nav1.6 (top) or Nav1.2 (bottom, green, left) were made in deprived animals of E21 and overlaid (right). Note that the AIS was
immunopositive to Nav1.6 (arrowheads), but not to Nav1.2. D–F, Length (D-P, D) and proximal (P-S, E) and distal (D-S, F ) positions of the AIS. G, Correlation between length (D-P) and proximal
position (P-S) of the AIS. Light blue columns and circles are from control animals of the same age (Fig. 3B–D; E21). Blue and red fitted lines are for control and deprived animals, respectively. Note
that length was apparently longer and negative correlation was reduced in deprived animals. H, Action potentials in response to depolarizing current steps of 3 nA (red or blue) and the threshold
current (gray) in deprived animals. Spikes at the high CF (left) and the low CF (middle) were overlaid after alignment at the threshold (right, arrowheads). I, Correlation between the rise time and
amplitude of action potentials still remained after otocyst deprivation. *p � 0.05; **p � 0.01.
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of the AIS might be shortened solely by disassembly of the distal
AIS structure.

Refinements of the AIS structure during development or by
neuronal activities were observed in other neurons. The shorten-
ing of the AIS during development was reported in pyramidal
neurons of the monkey prefrontal cortex, although the site of
shortening, the distal or proximal end of the AIS, is unknown
(Cruz et al., 2009). In mature auditory magnocellularis neurons,
the distal end of the AIS was displaced distally with deprivation of
afferent activity (Kuba et al., 2010). For hippocampal neurons in
culture, the distal and proximal ends of the AIS were displaced
distally during prolonged depolarization (Grubb and Burrone,
2010).

As to molecular mechanisms for the refinement of the AIS,
the interaction of cytoskeletal proteins, ankyrinB and anky-
rinG, has been proposed (Galiano et al., 2012). The distal end
of the AIS is defined by a cytoskeletal boundary of ankyrinB,
whose localization is determined by the interaction with anky-
rinG. Indeed, upregulation of ankyrinB shifted the boundary
proximally and decreased the length of the AIS, whereas up-
regulation of ankyrinG caused the opposite effect. These
mechanisms may also operate in the refinement of the AIS
during development in avian NL neurons. Other possible mo-
lecular mechanisms would be those involving the activation of
voltage-gated Ca 2� channels (Grubb and Burrone, 2010) and
subsequent calcineurin activity (Evans et al., 2013), as sug-
gested by studies in hippocampal neurons.

Roles of activity in refinement of the AIS during development
There are two types of cochlea-driven activity in the auditory
system. One is sound-evoked activity, and the other is spontane-
ous activity, which originates from intrinsic activity of cochlea
(Lippe, 1994; Tritsch et al., 2007). In NL, synaptic contacts appear
at �E9 and become functional by E10, and synapses almost fully
mature before hatching (E21; Kuba et al., 2002; Rubel and Fritz-
sch, 2002; Gao and Lu, 2008). Sound-evoked activity can be first
recorded at E12 (hearing onset; Saunders et al., 1973). The
threshold, however, is still high, and natural airborne sounds
cannot induce substantial auditory nerve activity until E19 (Jones
et al., 2006), indicating that the refinement of the AIS would be
mostly independent of auditory experiences.

In contrast, spontaneous activity appears and continues
after E14 (Lippe, 1994). The spontaneous activity changes in
its pattern by E19, from immature rhythmic bursting pattern
to an adult-like stochastic pattern. More importantly, the fre-
quency of bursting differs systematically along the tonotopic
axis, and increases toward the higher-CF regions (Lippe,
1995), raising a possibility that the spontaneous activity may
provide some instructive signals for the refinement of the AIS
(Rubel and Fritzsch, 2002; Kandler et al., 2009). Indeed, AIS
refinement occurs after the appearance of spontaneous activ-
ity (Fig. 3) and deprivation of this activity diminished AIS
shortening to a greater extent in the higher-CF regions (Fig.
6). Nevertheless, to understand the roles of activity in the
refinement of the AIS more comprehensively, further experi-
ments to block intrinsic activity of magnocellularis neurons

Figure 7. Possible mechanisms for the developmental refinement of AIS distribution. A, B, Net displacement of proximal (P-S, green, A) and distal (D-S, orange, B) positions of the AIS between
E15 and E21 calculated from Fig. 3D. P-S and D-S at E15 were subtracted from those at E21 for A and B, respectively. See Discussion for details. Note that distal displacement occurs with disassembly
of the AIS structure at proximal end, and with assembly at distal end. C, D, Activity-dependent (blue; C) and activity-independent (purple; D) components of the net displacement of the distal AIS
(B) calculated from Fig. 3D. D-S in deprived animals at E21 was subtracted from that in control animals of the same age for C, whereas D-S in control animals at E15 was subtracted from that in
deprived animals at E21 for D. E, F, Schematic drawings of the displacement of the proximal and distal positions of the AIS at each CF region with (E) and without (F ) afferent activity. Green and
orange arrows indicate the net displacement of the proximal (A) and distal (B) ends, respectively. Blue and purple arrows indicate the activity-dependent (C) and activity-independent (D)
components of the net displacement of the distal end, respectively. In the low-CF region, displacement of the proximal end (A) and activity-independent displacement of the distal end (D) were
statistically insignificant (gray columns; Fig. 3D) and were not described in E and F. Another mechanism for the distal shift of the AIS could be an elongation of axon hillock, which moves the AIS as
a structure (see Discussion).
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might be necessary (see Materials and Methods). Because NL
neurons receive depolarizing GABAergic inputs from superior
olivery nucleus after E15 (Code et al., 1989; Hyson et al.,
1995), their contributions should be also tested in future
experiments.

Functional implication of AIS refinement in NL neurons
The negative correlation between the length and distance of the
AIS is optimal for neurons to secure high excitability (Kuba et al.,
2006; Kuba, 2012). For example, a large distance reduces the
effects of large capacitive and conductive loads of the soma, suit-
able for a short AIS to elicit spikes with small Na� conductance,
whereas a small distance is optimal for a long AIS to overcome its
large conductive load. It is interesting to note that the length and
distance of the AIS change in parallel during development. This
implies that the tonotopic refinement of the AIS progresses in
such a way as to preserve the negative correlation, which may
contribute to enhancing the spike generation in response to syn-
aptic inputs during immature as well as mature periods in NL
neurons. In particular, spontaneous activity drives releases of
trophic factors and transmitters from synaptic terminals and is
critical for the development and survival of central neurons
(Rubel and Fritzsch, 2002; Kandler et al., 2009). Indeed, ablation
of otocysts causes reductions of cell volume and number at the
nucleus magnocellularis just after the time synapses from audi-
tory nerve would normally become functional (Parks, 1979).
Thus, the coordinated change in the length and distance of the
AIS may play a role in the development and maintenance of
higher auditory neurons through maintaining spontaneous ac-
tivity before maturation.

In conclusion, the present study characterized the develop-
mental refinement of the AIS and its dependence on peripheral
activity at the NL. The findings strengthen our understanding of
how the AIS structures in NL neurons are formed and how their
specific functions are achieved. Importantly, the refinement of
the AIS occurs within a nucleus, implying that the genetic back-
ground of neurons would be rather homogeneous. Therefore, the
results should provide a solid base for further exploration of mol-
ecules involved in determining the spatial distribution of the AIS.
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