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Vesicular apparatus, including functional calcium channels,
are present in developing rodent optic nerve axons
and are required for normal node of Ranvier formation
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P/Q-type calcium channels are known to form clusters at the presynaptic membrane where they
mediate calcium influx, triggering vesicle fusion. We now report functional P/Q channel clusters
in the axolemma of developing central axons that are also associated with sites of vesicle fusion.
These channels were activated by axonal action potentials and the resulting calcium influx is
well suited to mediate formation of a synaptic style SNARE complex involving SNAP-25, that
we show to be located on the axolemma. Vesicular elements within axons were found to be
the sole repository of vesicular glutamate in developing white matter. The axonal vesicular
elements expressed the glutamate transporter V-ATPase, which is responsible for vesicular
glutamate loading. The P/Q channel α1A subunit was found to be present within the axolemma
at early nodes of Ranvier and deleterious mutations of the α1A subunit, or an associated α2δ-2
subunit, disrupted the localization of nodal proteins such as voltage-gated sodium channels,
β IV spectrin and CASPR-1. This was associated with the presence of malformed nodes of
Ranvier characterized by an accumulation of axoplasmic vesicles under the nodal membrane.
The data are consistent with the presence of a vesicular signalling pathway between axons and
glial cells that is essential for proper development of the node of Ranvier.
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Myelinated axons are responsible for the rapid
transmission of action potentials around the nervous
system. A high conduction velocity of axons is achieved
by restricting the generation of action potentials to
nodes of Ranvier that are spaced at regular intervals
along the axon, separated by stretches of insulating
myelin laid down by oligodendrocytes. Formation of the
node of Ranvier involves clustering of the Na+ channels
responsible for action potential generation at node sites as
myelin is deposited along the internodal region (Rasband
& Shrager, 2000; Girault & Peles, 2002; Salzer, 2003).
Na+ channel clustering is preceded by the clustering
of several components of a Na+ channel–cytoskeletal
complex, including ankyrin G and β IV spectrin (Lambert
et al. 1997; Rasband et al. 1999; Jenkins & Bennett, 2002).
Mediators of axon–glial interaction such as CASPR-1 also
form clusters at early node sites before Na+ channels start
to aggregate (Rasband et al. 1999), and the whole process
is apparently dependent upon a soluble factor released
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by oligodendrocytes (Kaplan et al. 1997). It is currently
unclear what determines where nodes will form or how the
aggregation of the components of the node is controlled.

Intracellular Ca2+ ([Ca2+]i) regulates the outgrowth of
axons (Henley & Poo, 2004; Conklin et al. 2005) and
the formation of neuronal structures such as dendrites
(Konur & Ghosh, 2005). Localized [Ca2+]i changes could
also potentially coordinate the development of the node of
Ranvier. Local Ca2+ changes could be produced by focal
expression of voltage-gated Ca2+ channels along axons
(Mackenzie et al. 1996; Forti et al. 2000). Ca2+ channels are
heteromeric membrane proteins that play an important
role in the regulation of numerous cellular processes and
are classified according to their electrophysiological and
pharmacological properties (L-, N-, P/Q-, R- and T-type).
Each Ca2+ channel type is composed of a pore-forming
α1 subunit and a number of accessory subunits. It is the
α1 subunit that distinguishes Ca2+ channel subtype and
there are currently 10 α1 subunit genes known (Catterall,
2000). The α1 subunit contains the elements responsible
for voltage-dependent gating of the channels, which may
be modulated by accessory subunits.
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While the axons of mammalian neurons possess several
proteins involved in Ca2+ homeostasis, evidence for the
expression of functional Ca2+ channels on the axolemma
has been slow to reveal itself. Past reports in the literature
have suggested that axonal Ca2+ channels may, under
physiological circumstances, play a part in the regulation
of action potential frequency and the non-vesicular release
of neurotransmitter substances at en passant synapses
(Callewaert et al. 1996; Forti et al. 2000). More recently,
vesicular release of glutamate has been demonstrated in
both the corpus callosum and immature rat optic nerve
(Kukley et al. 2007; Ziskin et al. 2007). Both studies
independently reported activity-dependent activation of
AMPA receptors on NG2(+) cells following vesicular
glutamate release, predominantly from unmyelinated
axons. Kukley et al. (2007) provided evidence that
this synapse-like form of axon–glia communication was
initiated by rapid Ca2+ signalling within Ca2+ micro-
domains in axons. Here we provide evidence that clustered
axonal Ca2+ channels play a significant role in action
potential conduction in neonatal central axons and make
a pivotal contribution to the development of the node of
Ranvier. The Ca2+ channels involved are largely of the
synaptic P/Q-type and we provide additional evidence
that they are involved in co-ordinating the fusion of
vesicular elements from the axoplasm to the axolemma
of developing axons.

Methods

Ethical approval

All animal procedures were approved by local ethical
review and conformed to UK Home Office regulations.
Animals were killed by vertebral dislocation or CO2

inhalation depending upon age.

General

Optic nerves were dissected from Lister-hooded rats
and perfused with artificial cerebrospinal fluid (aCSF)
of composition (mM): NaCl, 126; KCl, 3; NaH2PO4,
2; MgSO4, 2; CaCl2, 2; NaHCO3, 26; glucose, 10; pH,
7.45, bubbled with 5% CO2–95% O2 and maintained at
37◦C. Bicarbonate, sulphates and phosphates were omitted
from the high divalent cation solutions used to evoke
divalent cation action potentials (osmolarity maintained
with sucrose). These solutions contained 10 mM Hepes
and were buffered to pH 7.45. Data are mean ± S.E.M.,
significance determined by ANOVA with Tukey’s post test.
Unless otherwise stated all chemicals were purchased from
Sigma (UK).

Electrophysiology

Extracellular compound action potentials were evoked
and recorded with suction electrodes. Peak-to-peak

amplitude was used to assess changes in the number
of unitary action potentials in the neonate since action
potential area cannot be applied reliably to recordings
from neonatal nerves. This is due to the large stimulus
artifact produced by the longer stimulus times that are
required to elicite a full neonatal compound action
potential (Foster et al. 1982; Fern et al. 1998).

Nerves were maintained in an interface perfusion
chamber (Medical Systems, Greenvale, New York, NY,
USA), and continuously oxygenated with 5% CO2–95%
O2. Individual nerves were electrically stimulated via a
suction electrode at one end using square-wave constant
current pulses of 150–600 μs (< P15) or 50 μs (> P15)
duration (Iso stim A320, WPI), and compound action
potentials recorded via a second suction electrode at
the other end (Cyber Amp 320, Axon Instruments).
The recorded signal was subtracted from a parallel
differential electrode, filtered (low pass: 800–10000 Hz,
depending upon animal age), digitized (25000 Hz: 1401
mini, Cambridge Electronic Design) and displayed on a PC
running Signal software (Cambridge Electronic Design)
with positive (relative to the subtraction electrode) going
up. Lower filter settings were used for neonatal nerves
to prevent distortion of the wave form due to the slow
time-course of the wave compared to those recorded from
adult nerves.

Immuno-histochemistry

Optic nerves were dissected into 0.1 M PBS and fixed
in 4% paraformaldehyde for 30 min. The optic nerves
were subsequently incubated in 0.1 M PBS plus 20%
sucrose w/v for 5 min prior to freeze-sectioning (20 μm
sections) and subsequent blocking for 60 min in 0.1 M

PBS, 10% fetal goat serum plus 0.5% Triton-X 100.
Sections were then incubated in this solution plus
primary antibody at 4◦C overnight. Primary antibodies
included: polyclonal α1A (Alomone; 1 : 200), α1B,
α1C, α1D (Sigma; 1 : 200), and affinity-purified α2δ-2
(Brodbeck et al. 2002; 1 : 200). In double-staining
experiments, second primary incubations were at room
temperature for 2 h: monoclonal antipan-Na+ channel
(Sigma; 1 : 200), anti-neurofilament-70 (NF-70) or
anti-neurofilament-200 (NF-200) (Chemicon; 1 : 100
and 1 : 200, respectively), anti-GFAP (Glial Fibrillary
Acidic Protein) (Sigma; 1 : 500), anti-CNPase (2′,
3′-cyclic nucleotide 3′-phosphodiesterase) (Sigma;
1 : 100), or anti-CASPR-1 (1 : 1000) were used.
The axonal markers NF-70 and NF-200 tend to
label small diameter and larger diameter axons,
respectively (Sanchez et al. 2000). Appropriate
Alexa-conjugated secondary antibodies (Cambridge
Bioscience; 1 : 1000) were subsequently applied for
1 h and sections examined by scanning confocal
microscopy using an Olympus FV300 Fluoview confocal
image system.
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Images were analysed using either Metamorph
(Universal Imaging Corporation) or Image J (NIH).
Images of Na+ and Ca2+ channel clusters were analysed
using Image J using the Cell Counter plug-in. Random
single optical section fields of view (FOV) were taken
from a minimum of three nerves with no more than
three FOVs being taken from a single nerve, resulting in
a sample number of at least nine. When such analysis
was done using two or more different ages, or with either
leaner or ducky mice and their respective controls, the
individual performing the analysis (J.J.P.A.) was blinded
to the images in order to avoid any potential bias. The
degree to which Ca2+ channel clusters co-localized with
cell-specific markers was assessed by counting the number
of times the Ca2+ channel clusters either did, or did
not, completely overlap with the marker within a field
of view. The degree of co-localization was then reported
as a percentage of the total number of Ca2+ channel
clusters within the FOV. The degree of association of
Ca2+ channel clusters with the paranodal marker CASPR-1
was assessed by observing the number of times clusters
within a FOV either were co-localized (defined as complete
overlap) or were immediately adjacent (defined as
touching or partial overlap) to CASPR-1 immuno-
reactivity. The degree of association between these two
markers is taken to be the degree of adjacent and
co-localized markers combined. Finally, neurofilament
intensity was calculated using Metamorph software.

Electron microscopy

Optic nerves from P23–P25 mice and P10 rats were
post-fixed in 3% gluteraldehyde in Sorenson’s phosphate
buffer. Nerves from Leaner mice were obtained from
Jackson Laboratories (MA, USA) and were fixed according
to our instruction. Nerves were then post-fixed with 2%
osmium tetroxide and dehydrated prior to infiltration in
epoxy. Sections were counterstained with uranyl acetate
and lead citrate and examined with a Jeol 100CX
electron microscope (see Thomas et al. (2004) for further
details). For post-embedding immuno-labelling, primary
antibody was applied to the sections overnight. Anti-
bodies raised against: α1A (Alomone; 1 : 200), SNAP-25
(Sigma; 1 : 50), V-ATPase (Santa Cruz Biochem; 1 : 50),
glutamate (Chemicon International; 1 : 25–1 : 50) were
used and appropriate 20–30 nm gold particle secondary
antibodies were applied following washing. Controls
involved omitting primary antibodies, which resulted
in zero staining. The anti-SNAP-25 antibody was used
at the same concentration by Kolk et al. (2000), who
demonstrated a synaptic pattern of staining in CNS grey
matter, in addition to a lower level of axonal staining.
The anti-glutamate antibody has been described in prior
publications (e.g. Back et al. 2006), where a range of
controls are described.

Results

Functional voltage-gated calcium channels
on neonatal central axons

To probe for the presence of functional Ca2+ channels
on developing axons we determined whether the axons
can support a divalent cation-mediated compound
action potential (DCAP) (Fatt & Ginsborg, 1958). Na+

channels were blocked by perfusion with zero-Na+ aCSF
+ 1 μM TTX, abolishing the normal action potential
(Fig. 1A–C). Subsequently increasing the extracellular
divalent cation concentration to 40 mM of both Ca2+

and Ba2+ (total divalent cation concentration = 80 mM)
to potentiate current through Ca2+ channels produced
an action potential from P2 to P12, but not at P22
(Fig. 1A–C). Between 10 and 20 min of perfusion with
high concentrations of divalent cation solution was
required before a DCAP appeared, consistent with the slow
diffusion of the ions into the extracellular space (Fern &
Harrison, 1988). The DCAP recorded from the neonatal
optic nerve was similar to the Na+ action potential
in amplitude but was relatively slower conducting
(0.1–0.3 m s−1 compared to 1–3 m s−1). Slow action
potential conduction will be partly due to differences in
channel kinetics between Ca2+ channels and Na+ channels
and partly to the surface negative charge screening
effects of the divalent ions. High concentrations of Ca2+

and Ba2+ will increase the screening of fixed negative
charge on the extracellular surface of the axon, effectively
raising the activation threshold of voltage-gated channels
(Brismar & Frankenhaeuser, 1972; Hille, 1998). Removal
of extracellular Na+ will produce a degree of membrane
depolarization that will partially counter this effect, while
rapid depletion of axoplasmic Na+ will block any effect of
Na–Ca exchange (NCX) upon membrane potential or ion
fluxes (Stys et al. 1992; Leppanen & Stys, 1997). Although
relatively slow, the rate of DCAP conduction precludes
the possibility that the potential is conducted down glial
cells in the optic nerve as a form of spreading depression.
Spreading depression propagates at three to four orders of
magnitude more slowly than the DCAP (between 30 and
50 μm s−1), travels only relatively short distances from
a point stimulation (∼500 μm), lasts over four orders
of magnitude longer (∼100 s), and does not operate in
central white matter (e.g. Peters et al. 2003; Fabricius et al.
2006; Smith et al. 2006). A contribution from divalent
cations passing through TTX-resistant Na+ channels
can also be discounted since the Ca2+ permeability of
Na+ channels is low, high Ca2+ concentrations block
Na+ channels (Hille, 1998; Armstrong & Cota, 1999),
and the TTX-insensitive Na+ channels in the axons are
not capable of supporting an action potential (TTX
completely blocks the normal Na+ action potential).
Furthermore robust DCAPs were observed when Ba2+

alone was used as the charge carrier (see below), while Ba2+
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Figure 1. Divalent cation action potentials can be produced in neonatal rat optic nerve axons
A, compound action potentials recorded at three developmental ages. Top traces show the normal, fast-conducting,
action potential (arrow, following the stimulus artefact). Middle traces show block of this action potential in
zero-Na+–TTX (1 μM). Lower traces show a large amplitude, slow-conducting, action potential recorded in the
presence of 40 mM of both Ba2+ and Ca2+ (still in zero-Na+–TTX). Note the absence of a divalent cation action
potential at P22. B, action potential amplitude recorded at P2 versus time. Zero-Na+–TTX blocks the action
potential after ∼10 min and switching to Ba2+–Ca2+ produces a divalent cation action potential after 12 min that
then declines slowly. C, similar plot of action potentials at P10 and P22. D, traces of normal action potential, block
in zero-Na+–TTX and perfusion with Ba2+–Ca2+ (in zero-Na+–TTX) solution at P2 in the presence of the specific
L-type blocker diltiazem (50 μM). No divalent cation action potential is apparent. E, similar data at P10, showing
large divalent cation action potential in diltiazem. F, experiment as above demonstrating a much reduced divalent
cation action potential in the presence of ω-agatoxin IVA (100 nM). G, amplitude of the divalent cation action
potential relative to normal action potential at various ages. The divalent cation action potential was blocked by
diltiazem at P2–P5 but not at P8–P12. ω-Agatoxin IVA significantly blocked the divalent cation action potential at
P8–P12, as did the non-selective calcium channel blocker La3+ (100 μM). Error bars are S.E.M., ∗∗∗P < 0.001 versus
control P8–P12, ††P < 0.01 versus control P2–P5. Scale bars are 10 mV and 10 ms.
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Figure 2. Features of the DCAP in P8–P12 rat optic nerve
A, high concentrations of a single divalent cation can produce a DCAP. Top, a normal compound action potential
recorded in aCSF. Middle, block of this action potential in zero-Na+–TTX solution. Bottom, a large-amplitude,
slow-conducting DCAP is recorded in the presence of 95 mM Ba2+. B, action potential amplitude is plotted against
time, demonstrating the decline in the DCAP over an ∼10 min time course. C, a similar protocol showing the
time-course of a DCAP recorded in 60 mM Ca2+. Switching to zero-Na+–TTX solution produced block of the normal
action potential and changing to 60 mM extracellular Ca2+ resulted in a short-lasting DCAP. D, the divalent cation
reversal potential in axons calculated assuming a starting axoplasmic concentration of 100 nM, an extracellular
divalent cation concentration of 90 mM, a resting membrane potential of –70 mV, a DCAP amplitude of 100 mV
and a membrane capacitance of 1 μF cm−2. It is also assumed that there is no significant extrusion of divalent
cations entering during the DCAP and that there is no influx into the axon when the axolemma is at rest. Given
these assumptions, it is apparent that a small number of divalent cation action potentials have a dramatic affect
upon the divalent cation reversal potential, in particular for the smaller diameter axons (0.1 μm, filled squares).
Reducing the extracellular divalent cation concentration to 40 mM has minimal effect upon the time course of the
collapse of the reversal potential (grey circles, plotted for a 1 μm axon). E, the time between the first appearance
of a DCAP and its failure (survival time) in various high divalent cation conditions, showing that varying the total
divalent cation concentration between 40 and 100 mM had no significant affect, as predicted in D.
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Figure 3. Ca2+ channels contribute to normal action potentials in developing axons
A, P12 control showing the compound action potential recorded at T = 0 min (control start) and T = 150 min
(control end). B, non-selective Ca2+ channel block with La3+ reduced action potential amplitude at P12. C, block
of L-type channels with diltiazem at P12 did not reduce action potential amplitude (slowing is evident). D, La3+ and
diltiazem produced a similar, reversible, decline in the compound action potential at P2. E, La3+ but not diltiazem
produced a reversible decline in the action potential at P10. F, summary showing the effect of La3+ and diltiazem
upon compound action potential amplitude at different ages. G, block of P/Q-type channels with ω-agatoxin IVA
(100 nM) reduced action potential amplitude at P12. H, block of N-type channels with ω-conotoxin GVIA (1 μM) had
no significant affect at P12. I, time course of effect of ω-agatoxin IVA, ω-conotoxin GVIA and ω-conotoxin MVIIC
on action potential amplitude at P12. J, summary of the effects of ω-agatoxin IVA or ω-conotoxins upon action
potential amplitude at P12. ∗P < 0.05, ∗∗∗P < 0.001.
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permeability through Na+ channels is not measurable
(Hille, 1998).

The Ca2+ channel-dependent nature of the DCAP
was confirmed by application of selective Ca2+ channel
blockers. The DCAP was blocked at P8–P12 by the
broad-spectrum Ca2+ channel blocker La3+ (100 μM)
(Fig. 1G). The selective L-type Ca2+ channel blocker
diltiazem (50 μM) largely blocked the divalent cation
action potential at P2–P5, but not at P8–P12 (Fig. 1D, E
and G). The P8–P12 divalent cation action potential was
largely blocked by the specific P/Q blocker ω-agatoxin IVA
(Mintz et al. 1992) (100 nM) (Fig. 1F and G).

Perfusion with either divalent cation alone produced a
DCAP (Fig. 2A–C). Once apparent, the DCAP declined
over an ∼20 min period, irrespective of whether it was
Ba2+ or Ca2+ in the divalent cation solution (Fig. 2A–C),
or both (Figs 1B, C and 2E). This effect may be due to
the run-down of concentration gradients in the small
diameter, small volume, neonatal rat optic nerve axons.
Axons will lack Na–Ca exchange under these zero-Na+

conditions (Stys et al. 1992; Leppanen & Stys, 1997),
and divalent ions entering during an action potential
are likely to remain in the axoplasm. The diameter of

Figure 4. The evolution of ion channel clusters in optic nerve during development
A, the density of sodium channel (black), α1A (red) and α1C (blue) clusters during development. B, α1A

subunits (green) are clustered on NF-70(+) axons (red). C, few α1A subunits (green) co-localized with CNPase(+)
oligodendroglia (red). Some overlap is seen due to the close apposition of axons and myelinating oligodendrocyte
processes. Scale bars, 10 μm. D and E, rotating the NF-70 and NF-200 images by 90 deg significantly reduced the
degree of co-localization, indicating a greater association than would be due to chance. A relatively high degree
of association was still observed due to the ubiquitous nature of neurofilament staining. ∗∗∗P < 0.001.

axons in the P8–P12 rat optic nerve ranges between
∼0.1–1.0 μm (Foster et al. 1982). The effect of a single
100 mV DCAP upon the divalent-cation reversal potential
can be calculated using the equation n = CV /2F where n is
the number of divalent ions entering the axon during one
action potential (in moles), C is the membrane capacitance
(1 μF cm−2), V is the action potential amplitude, and F is
the Faraday constant. The DCAP amplitude is estimated
at 100 mV since intra-axonal recording from optic nerve
axons have never been achieved. The number of divalent
cations within the resting axoplasm can be calculated from
the cylinder volume and resting ion concentration, while
the number of ions entering a given length of axon during
a single action potential can be calculated from the voltage
change across the membrane capacitance (Aidley, 1971).
Assuming a resting axoplasmic divalent concentration
of 100 nM, a single DCAP is predicted to result in a
20.2 μM rise in axoplasmic divalent cation concentration,
producing a sharp decline in the divalent-cation
reversal potential (Fig. 2D). The time-course of the
DCAP was not significantly different in solutions
with various divalent concentrations (Fig. 2E). However,
the axoplasmic divalent cation concentration primarily
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determines the divalent cation reversal potential and
these changes in extracellular divalent ion concentration
are predicted to have only a small effect upon DCAP
survival time (Fig. 2D). While these calculations are
consistent with a collapse of divalent ion influx during
repetitive stimulation, the associated rise in axoplasmic
divalent-cation concentration may have other effects upon
action potential conduction that might contribute to the
relatively rapid conduction failure.

Calcium channel activation during action
potential conduction

We examined the possibility that the calcium channels
expressed by developing central axons might contribute
to normal action potential conduction. Compound action
potentials recorded from neonatal rat optic nerves were
stable under control conditions of perfusion with normal
aCSF (Fig. 3A), and exhibited a reversible fall in amplitude
at P2–P5 (Fig. 3D and F) and P8–P12 (Fig. 3B, E and
F) upon perfusion with the broad-spectrum calcium
channel blocker La3+ (100 μM). This effect of La3+

was lost by P20 (Fig. 3F). The selective L-type calcium
channel blocker diltiazem (50 μM) mimicked the effect
of La3+ upon compound action potential amplitude at
P2–P5 but not at later developmental stages (Fig. 3C–F).
Diltiazem did slow action potential conduction at P8–P12,
however (Fig. 3C), but had no comparable effect in
P18–P25 optic nerves (data not shown). A similar
partial conduction block was produced by nifedepine
(5 μM) at P2, reducing amplitude by 44.5% ± 12.8%
(n = 3, data not shown). Nifedepine is not the L-type
channel blocker of choice in this preparation, however
(Fern et al. 1995). Block of P/Q-type channels with
ω-agatoxin IVA (100 nM) at P8–P12 produced a significant
fall in action potential amplitude, a result also obtained
with the N- and P/Q-type blocker ω-conotoxin MVIIC
(1 μM) (Fig. 3G, I and J). In contrast, specific block of
N-type channels with ω-conotoxin GVIA (1 μM) had
no effect (Fig. 3H–J). These data suggest that L-type
calcium channels contribute to normal action potential
conduction at P2–P5 (prior to the appearance of compact
myelin in this preparation), that P/Q-type channels have
a similar effect at P10 (when myelination is getting

Figure 5. Voltage-gated Ca2+ channel clusters on developing central axons are precursors of nodes of
Ranvier
A, α1A subunits (green) are present in clusters in P2 optic nerve, increase in number at P12 but are largely absent
at P20 (although diffuse staining remains). Na+ channels (NaV) clusters (red) are present at P12 and P20. B, α1C

subunits (green) are present at a low density throughout the postnatal ages studied. NaV (red) clusters are visible
at P12 and P20. C, α1A clusters (green) are associated with CASPR-1 clusters (red) at P9 (two left panels) and P12
(right panel). D, α1C clusters (green) are associated with CASPR-1 immunoreactivity (red) at P9 (two left panels)
and P12 (right panel). E, rotating the CASPR-1 images by 90 deg relative to the α1A images (left) or α1C (right)
significantly reduced the association between α1 and CASPR-1 clusters (∗∗∗P < 0.001, normal versus rotated),
indicating a greater association than would be due to chance. All scale bars, 10 μm.

underway), and that no significant contribution to action
potential amplitude from calcium channels is apparent at
P18–P25.

Synaptic-type calcium channels are clustered
on developing central axons

We examined the expression of various calcium channel
α1 subunits in developing white matter and detected a
clustered expression patern of α1A (P/Q-type: Figs 4A and
B, and 5A) and α1C (L-type: Figs 4A and 5B) subunits (α1B

and α1D were not detected, data not shown). While α1C

clusters were present at a relatively stable level between
P2–P20, α1A clusters were almost absent at P2, reached a
maximum at P12 and declined by P20 (Figs 4A, and 5A
and B). Calcium channel clusters were co-localized with
small NF-70(+) axons (Fig. 4B), and were less numerous
on larger NF-200(+) axons (data not shown). Small
diameter developing axons are close-packed and as a result
single NF-70(+) axons are difficult to resolve at the light
level. To test whether overlap of the α1A clusters with
the NF-70 immuno-staining was significant rather than a
random event, we blind-counted the extent of α1A–NF-70
overlap in normal images and in images with the
α1A rotated by 90 deg, revealing 63.4 ± 5.1% (n = 8)
co-localization in rotated compared to 87.1 ± 2.6%
(n = 9, P < 0.001) in the non-rotated images (Fig. 4D).
Similar levels of co-localization were detected for
α1C–NF-70 (P < 0.001, Fig. 4E). Little co-localization was
apparent between either α1A or α1C and the glial markers
CNPase (Fig. 4C) or GFAP (Supplemental Fig. 1e–g), and
no significant difference was found in the degree of over-
lap between normal and rotated images (P > 0.05 in all
cases, Supplemental Fig. 1h and i). In control experiments,
α1A clusters were abolished by pre-incubating the anti-
body with a blocking peptide, or by omitting the primary
antibody during co-labelling experiments (Supplemental
Fig. 1b–d). Confirmation of the clustered α1A staining of
axons was obtained using a second α1A antibody from a
different source (Sigma UK; data not shown).

The antibody staining indicated that Ca2+ channels
appear in clusters on central axons before Na+ channel
clusters first appear (Figs 4A, and 5A and B). We therefore
co-stained for α1A and α1C subunits and CASPR-1,
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Figure 6. α1A subunits are present on the axolemma of developing axons
A, immuno-gold labelling of α1A protein reveals gold particles on the intracellular face of the axolemma of
axons in P10 rat optic nerve (arrows, shown at higher gain to the right). α1A immunoreactivity is present on an
unmyelinated axon that is being contacted by an astrocyte (Ast: identified using standard ultrastructural criteria).
Note the large vesiculotubular complex vacuole (asterisk) in the axon (ax). B, an unmyelinated axon (ax) with a
glial process running parallel to the axolemma (arrow heads) has immuno-gold labelling of α1A protein at a point
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an early component of the node of Ranvier (Rasband
& Shrager, 2000). α1A clusters were co-localized with
12.2 ± 0.5% of CASPR-1 clusters and were adjacent with
a further 43.5 ± 0.8% (16 fields of view, 5 nerves) at
P9 (Fig. 5C and E). By P12, 22.2 ± 1.6% of α1A clusters
were co-localized with CASPR-1 clusters and 35.2 ± 1.7%
were adjacent (12 fields of view, 4 nerves) (Fig. 5C and
E). A similar pattern of expression was seen for clusters
of α1C subunits (Fig. 5D and E). In all cases, the degree
of association was significantly greater than that found
in rotated controls (P < 0.001, Fig. 5E). In contrast to
CASPR-1, only 22.5 ± 3.3% of Na+ channel clusters were
associated (overlap + adjacent) with α1A clusters at P12
(4 fields of view, 4 nerves) with very little actual overlap
(2.8%). α1A clusters therefore appear several days before
Na+ channel clusters are evident at sites on central axons
where nodes are forming, and disperse once Na+ channel
clusters appear.

α1A subunits are localized to the axolemma

At the ultrastructural level, white matter α1A protein
was largely restricted to the axolemma and axoplasm
of developing axons. Immuno-gold particles were
particularly common at zones where glial processes were
making contact with axons (Fig. 6), areas that were also
rich in sites where the vesiculotubular complex appeared to
be fusing or approaching the axolemma. Blinded counting
of all the gold particles within eight randomly selected
whole grid sections revealed that 69.0% of the axolemma
particles were located at sites where vesicular fusion was
occurring, defined as regions where axoplasmic vesicles
or tubules were closely associated with the axolemma
(n = 54 gold particles in total). The mean distance to
the nearest fusion zone for the remaining 31.0% of
particles was 0.42 μm. Analysis revealed that 30.9 ± 2.8%
of axolemma area was associated with vesicle fusion
sites at P8–P12 (47 axons examined in the same 8 grid
sections), and the high coincidence of α1A particles and
vesiculotubular complex fusion sites is not due to chance
alone (P < 0.001). Of the particles that were located at or
near fusion sites, 93.0% were found at points where glial
cell processes were directly apposed to the axolemma. In
37.0% of these cases the glial process was myelinating the
axon, and the remaining 63.0% of the peri-axonal glial
processes were either non-myelinating oligodendrocyte
or astrocyte processes, which are often hard to
differentiate.

where an element of the vesiculotubular complex appears to be fusing with the axolemma (shown at higher gain
in the box). A prominent component of the vesiculotubular complex present in the centre of the axon is indicated
by an asterisk. C, vesicle elements of the vesiculotubular complex (asterisk) appear to be approaching and fusing
with the axolemma at a point where α1A protein is detected by immuno-gold labelling (arrow). This axon is
being myelinated and has prominent oligodendrocyte interior and exterior tongue processes (itp, etp). Scale bars:
A, 500 nm; B and C, 200 nm.

Vesiculotubular complex is a poorly defined but
significant component of developing central axons
(Hildebrand & Waxman, 1984), and probably contains
elements of tubulovesicular organelles transported from
the somata (Nakata et al. 1998), in addition to ‘axoplasmic
reticulum’ (Lindsey & Ellisman, 1985), but it is probably
not limited to these. The vesiculotubular complex is
thought to be involved in trafficking of components to the
axolemma during axonal diameter expansion, and is less
apparent in mature axons (Hildebrand & Waxman, 1984).
An analysis of axons in the P8–P12 optic nerve revealed
that prior to the initiation of glial contact 20.3 ± 4.0%
(n = 13 axons) of the axolemma was associated with
apparent vesiculotubular complex fusion sites. This
proportion significantly increased to 31.5 ± 4.2% in more
mature axons that had glial processes aligned along the
axolemma (n = 15, P < 0.001), and to 38.0 ± 4.5% in
axons with layers of compact myelin (n = 19, P < 0.001).
By P20 the proportion of the axolemma exhibiting fusion
sites in myelinated axons fell to 23.1 ± 3.1%, which was
significantly lower than that in myelinating P8–P12 axons
(n = 32, P < 0.001), confirming the relationship between
the onset of myelination, axon diameter expansion and
fusion of the vesiculotubular complex to the axolemma.
Tubular elements of this structure can range in diameter
between 20 and 40 nm and measure up to 25 μm in
length, making them difficult to distinguish from micro-
tubules. Vesicular elements can range between tens to
several hundreds of nanometres across (e.g. Fig. 6 and
Supplemental Fig. 2), and in the current study we found
that both vesicular and tubular elements appear to fuse to
the axolemma in places (Fig. 6).

Since the α1A protein is located at regions where
vesiculotubular complex elements are fusing with
the axolemma, we probed for other components of
synaptic vesicle targeting in developing central axons.
Using immuno-electron microscopy, we found SNAP-25
expression in a similar pattern to α1A (Fig. 7A and B),
with 71.2% of gold particles located on the interior
axolemma surface (25% on vesiculotubular complex, 3.8%
in the cytoplasm; 49 micrograph fields analysed). In
contrast, expression of the vesicular ATPase (V-ATPase)
was a mirror image of this pattern (Fig. 7C–E) with
75.8% present in the vesiculotubular complex (12%
on the interior axolemma, 10.5% in the cytoplasm; 54
micrograph fields). V-ATPase is involved in glutamate
loading of synaptic vesicles and glutamate was found to be
concentrated in the vesiculotubular complex (Fig. 7F and
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G), including within vesiculotubular complex elements
fusing with the axolemma (Fig. 7G). Vesiculotubular
complex was highlighted in micrographs by intensity
thresholding, revealing that 33.1% of the axoplasmic area
was taken up by vesiculotubular complex measured in
this way (which does not effectively exclude all the micro-
tubules; 49 micrograph fields). Of the gold particles in

Figure 7. Elements involved in vesicular docking are present in developing axons
A and B, SNAP-25 localization in P10 rat optic nerve axons detected with immuno-gold labelling. Gold particles
(arrows) are concentrated on the interior face of the axolemma, in particular at regions where elements of the
vesiculotubular complex are close to, or appear to have docked with, the axolemma. Note in A that gold staining
is apparent both in a region where a tubular element is contacting the axolemma (left arrows) and in a region
where vesicles appear to be fusing with the axolemma (right arrow). Note in B that a large axoplasmic vesicle
is apposed to a region with two gold particles on the axolemma (compare this micrograph with E below). C–E,
V-ATPase is densely expressed in elements of the vesiculotubular complex. Note in C the intense gold labelling of
a tubular element, shown in greater magnification in D (box) indicated by an arrow head and having a diameter
and morphology that distinguishes it from a microtubule. Note in E that staining is apparent on what appears
to be a large vesicle in the process of fusing with the axolemma. F, glutamate reactivity in a vesicular element
of the vesiculotubular complex (arrowheads). G, glutamate reactivity in vesicular elements of the vesiculotubular
complex (arrow heads) that are in the process of fusing with the axolemma, as shown at higher magnification in
the box where vesicular and axolemma membranes can be seen to be contiguous. The vesicles are fusing in an
area tightly apposed to a glial process (asterisk) and the immuno-gold particle is located in the extracellular space
where the vesicles contents are likely to be released (arrows). Scale bar, 100 nm throughout.

glutamate immuno-labelled sections 94.4% were in direct
contact with vesiculotubular complex highlighted in this
fashion, consistent with significant glutamate enrichment
in the vesiculotubular complex. Glutamate reactivity
was also detected in glial somata and in their primary
processes close to the somata (not shown), but glutamate
staining was infrequent in glial processes neighbouring
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Figure 8. α2δ-2 subunits are present in clusters on developing central axons
A, α2δ-2 (green) and NF-70 (red) expression in P12 rat optic nerve. Note that α2δ-2 clusters are present along
NF-70 axons. B, α2δ-2 clusters (green) are associated with CASPR-1 clusters (red) in P9 (left) and P12 (right) rat
optic nerve. C, α1A (green, left) and α2δ-2 (green, right) co-localize with NF-70+) axons (red) in P9+/+ mouse
optic nerve. D, fewer α1A clusters (left, green) are apparent in axons (red) in the du2J mouse, which was statistically
significant (right). ∗∗P < 0.01. Scale bars, 10 μm.
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developing axons, and glutamate was not seen in vesicular
structures in any other cellular compartment within
white matter other than the vesiculotubular complex.
SNAP-25, V-ATPase and glutamate gold-labelling of this
type was seen in small diameter yet-to-be-myelinated
axons through to large diameter axons with multiple
myelin wraps (e.g. SNAP-25 staining in Fig. 7A and B).

Calcium channel mutants have disrupted nodes
of Ranvier

As P/Q-type channels were the most abundant channel
subtype in developing optic nerve axons and were
maximally expressed at a crucial point in maturation
we sought evidence of their potential role from two
mice strains carrying mutations affecting P/Q-type
voltage-gated calcium channels. Ducky (du) and ducky-2J
(du2J ) mice carry functionally null mutations in the
Cacna2d2 gene encoding the α2δ-2 calcium channel
subunit, resulting in reduced P/Q currents in cells
expressing these subunits (Barclay et al. 2001; Brodbeck
et al. 2002). Expression of α2δ-2 was examined in P12 rat
optic nerve and showed a similar clustered expression on
NF-70(+) axons to that seen for the α1A and α1C subunits
(Fig. 8A). The α2δ-2 clusters also had a similar association
with CASPR-1 to that seen for α1A clusters at P9 and
P12 in the rat (Fig. 8B). At P9 41.9 ± 0.4% (n = 10) of
CASPR-1 clusters were associated with α2δ-2 clusters and
51.2 ± 2.6% (n = 9) of CASPR-1 clusters were associated
with α2δ-2 clusters at P12. Similar clustered expression of
α1A and α2δ-2 was also common in NF-70(+)+/+ mouse
optic nerve axons (Fig. 8C), while the number of α1A

clusters was significantly reduced in du2J /du2J optic nerve
compared to their +/+ littermates (P < 0.01, Fig. 8D).
As the α2δ-2 subunit is thought mainly to enhance
α1A expression with only minor effects on gating, this
down-regulation of α1A clusters in du2J /du2J is in line with
the ∼30% loss of P/Q conductance in Purkinje cells of
both du/dμ (Barclay et al. 2001; Brodbeck et al. 2002) and
in du2J /du2J (Donato et al. 2006).

Since α1A clusters were reduced in du2J /du2J we
examined the morphology of the optic nerve nodes of

Figure 9. Ultrastructural correlates of P/Q channel dysfunction in developing central axons
A–E, du2J/du2J, F–J, tgla/tgla. A, long-section of a P25+/+ optic nerve axon (ax) showing a typical node of Ranvier.
Note the normal nodal membrane that separates the myelin end-loops and the typical appearance of the nodal
and paranodal glial processes. B, two nodes are present in this lower power micrograph of P25 du2J/du2J optic
nerve. In both cases, vacuoles of various sizes are present in the nodal axoplasm (arrow heads). C, long section of
a node from P25 du2J/du2J optic nerve. Note the presence of large vacuoles within the nodal axoplasm adjacent
to the axolemma (indicated by arrowheads). D, comparison of the node length in +/+ (WT) and du2J/du2J optic
nerve. E, comparison of the node diameter ((node width/paranodal width) × (100) in +/+ and du2J/du2J. F and
G, long sections of nodes of Ranvier in tgla/tgla. Note the presence of vacuoles of various sizes and shapes within
the nodal axoplasm (arrowheads). The nodal axolemma was generally wider in the mutant and in some cases had
become extruded into the extra-nodal space (H, axon shaded blue). Paranodal glial processes were often abnormal
(e.g. H: shaded red), and paranodal end loops appeared swollen in places (yellow arrows). I, comparison of the
node length in +/tgla and tgla/tgla optic nerve. J, comparison of the node diameter in +/tgla and tgla/tgla. Scale
bars: A, C, F and G, 2 μm; B, 5 μm.

Ranvier in these animals at ∼P25. No obvious differences
were found in cross-sections of control +/+ littermates
and du2J /du2J (not shown), and the +/+ animals displayed
normal nodal morphology for this point in development
when examined in long section, with end-loops of the
myelinating sheath framing a clear nodal gap (Fig. 9A,
n = 43 nodes examined). In contrast, the nodes of
Ranvier of du2J /du2J animals (n = 42 nodes examined)
had a significantly extended nodal length (Fig. 9D;
1.07 ± 0.05 μm in wild-type versus 1.2 ± 0.05 μm in
du2J /du2J , P < 0.05), and a significantly expanded nodal
width, as determined by measuring the diameter of the
node versus the diameter of the paranode to account for
differences in axon size (Fig. 9E; 111 ± 4% in wild-type
versus 139 ± 5% in du2J /du2J , P < 0.001). No significant
difference in axon or fibre diameter were found between
+/+ and du2J /du2J ; however, a significant decrease in
the g value (axon diameter/fibre diameter) was found
(0.79 ± 0.005, n = 70, in wild-type versus 0.76 ± 0.006
in du2J /du2J , n = 119, P < 0.01). The aberrant nodes of
the du2J /du2J animals typically contained large vesicular
inclusions under the nodal membrane (Fig. 9B and
C), while the remaining nodes exhibited a range of
malformations from swelling of the nodal membrane to
the presence of vacuoles and other inclusions within the
nodal axoplasm.

We also examined node morphology in the leaner
(tg la/tg la) mutant, which has a mutation in the Cacna1a
gene encoding the α1A subunit. tg la/tg la has more severely
compromised P/Q channel function than du2J /du2J ,
corresponding to a 60–70% reduction in peak P-type
current density in Purkinje cells (Lorenzon et al. 1998;
Fletcher et al. 1996; Dove et al. 1998; Wakamori et al. 1998).
While optic nerves from control (+/tg la) littermates (used
as control since leaner is bred on oligosyndactylism (Os)
background, and Os/Os is fatal) appeared normal, tg la/tg la

optic nerves had regions of mild and severe malformation
throughout. Regions of severe injury were infiltrated with
activated microglia (Supplemental Fig. 3), indicating an
ongoing pathology. We examined regions of mild injury
to look for the initial changes in axons before wide-scale
pathology was evident. Nodes of Ranvier in tg la/tg la
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axons were often malformed and contained numerous
vesicular inclusions (Fig. 9F–H). Malformations ranged
from a marked distension of the nodal membrane
(Fig. 9F), to complete herniation of inclusion-loaded
axoplasm through the paranodal glial processes (Fig. 9H ,
shaded blue). Swollen and electron lucent peri-nodal
glial processes were often seen in these malformed nodes
(Fig. 9H , shaded red), and while there was not detachment
or disintegration of the myelin end-loops, they often
appeared swollen. Compared to controls, nodes of tg la/tg la

animals were significantly longer (Fig. 9I ; 1.25 ± 0.07,
n = 19, versus 1.6 ± 0.1 μm, n = 26, P < 0.05) and wider
(Fig. 9J ; 1.06 ± 0.07, n = 19 in +/tg la versus 1.77 ± 0.02,
n = 27, P < 0.01). Morphometric analysis of myelinated
axons also revealed significant decreases in axon diameter
(0.96 ± 0.03 μm +/tg la, n = 70, versus 0.82 ± 0.03 μm
in tg la/tg la, n = 105, P < 0.05) and fibre diameter
(1.18 ± 0.03 μm +/tg la, n = 70, versus 1.01 ± 0.03 μm
in tg la/tg la, n = 105, P < 0.01) in tg la/tg la animals. The
calculated g value was not significantly affected by
the mutation (0.81 ± 0.005, n = 70, versus 0.79 ± 0.006,
n = 105, P > 0.05).

The distribution of nodal proteins was examined in
du2J /du2J and tg la/tg la, revealing a significant reduction
in sodium channel clusters and a marked displacement
of CASPR-1 along axons in tg la/tg la animals compared
to control (Fig. 10A). Regions of elongated CASPR-1
expression were sometimes punctuated by sodium channel
clusters, but not on all occasions. While β IV spectrin
and sodium channel clustering appeared normal on the
+/tg la controls, there was no detectable β IV spectrin
co-localized with the remaining sodium channel clusters in
tg la/tg la (Fig. 10B). Less marked changes were apparent in
du2J /du2J and included a significant increase in the sodium
channel cluster length (Fig. 10C–E).

Discussion

The results presented here show that developing central
axons express functional voltage-gated calcium channels

Figure 10. P/Q channel dysfunction is associated with a disruption in the localization of nodal proteins
A and B, tgla/tgla; C–E, du2J/du2J. A, top, left: NaV (red) and CASPR-1 (green) localization in control (+/tgla)
optic nerve. Bottom, left: the density of NaV clusters is significantly lower in tgla/tgla optic nerve than in +/tgla.
Middle: NaV (red) and CASPR-1 (green) localization in tgla/tgla optic nerve. Note the grossly elongated regions of
CASPR-1 localization and the sparse, ectopic nature of the NaV clusters (the box is shown in higher magnification
to the right). B, β IV-spectrin (green) and NaV (red) clusters are co-localized in control (+/tgla) optic nerve (top)
but no β IV-spectrin reactivity is found in tgla/tgla optic nerve (bottom). Overlaid images are shown to the right.
C, left, NaV (red) and CASPR-1 (green) localization in control (+/+) optic nerve. Middle: NaV (red) and CASPR-1
localization in du2J/du2J optic nerve. Note the similarity in the staining patterns. Right: two control images showing
the absence of CASPR-1 reactivity when the CASPR-1 antibody is omitted from the staining protocol (red, NaV
staining remains), and the absence of NaV reactivity when the NaV antibody is omitted from the staining protocol
(green, CASPR-1 staining remains). D, the length of NaV clusters (left), the distance between CASPR-1 clusters at
nodes (middle, measured from the juxta-paranodal end of one CASPR-1 cluster to the juxta-paranodal end of its
companion cluster), and the density of NaV clusters (right) in +/+ and du2J/du2J optic nerve. E, spectrin (green)
and NaV (red) staining is co-localized in both +/+ (top) and du2J/du2J (bottom) optic nerve. Overlaid images are
shown to the right. ∗P < 0.05, ∗∗∗P < 0.001. Scale bars, all 5 μm, apart from middle panel in A, 20 μm.

that, since they contribute to action potential propagation,
must mediate a significant inward calcium current during
the action potential. The L-type and P/Q-type channels
involved are expressed in a clustered pattern along
immature axons, and the α1A subunits that form P/Q
channels are transiently clustered in the axolemma at
sites where the underlying vesiculotubular complex is
fusing with the axolemma, which includes regions where
node of Ranvier formation is underway. Vesiculotubular
complex is a poorly defined axoplasmic component of
developing central axons and includes both tubular and
vesicular elements (Hildebrand & Waxman, 1984; Lindsey
& Ellisman, 1985; Nakata et al. 1998). In the current study,
both tubular and vesicular elements appeared to fuse with
the axolemma in regions rich in α1A expression, regions
that also had a high coincidence with the presence of
glial processes aligned to the extracellular surface of the
axolemma. While the vesiculotubular elements are larger
and lack the classic features of synaptic vesicles, they did
express some of the molecular components of synaptic
vesicle fusion such as V-ATPase and the excitatory neuro-
transmitter glutamate, while the axolemma was shown
to contain a high density of SNAP-25, a component of
the vesicular docking machinery. Mutations of the α1A

subunit, or the α2δ-2 subunit also shown to be present
at early node sites, resulted in the malformation of nodes
of Ranvier featuring loss of nodal protein localization,
disruption of the nodal membrane and a build-up of
vesicles under the nodal axolemma. The presence of the
various components of vesicular fusion throughout the
development of myelination is consistent with a role
for vesicular glutamate release in the co-ordination of
myelination and node of Ranvier formation.

The effects of P/Q channel mutation upon node of
Ranvier development is either a direct effect associated
with a disruption in vesicle docking at the nodal
axolemma, or an indirect effect possibly following a
reduction in axonal excitability. Thus, a reduction in
current through P/Q channels might produce a decline
in the rate of action potential discharge down optic
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nerve axons, either due to a loss of inward calcium
current during action potential propagation, or following
a reduction in synaptic input to the retinal ganglion
cell somata. While a loss of axon excitability such as
this might affect axon development, it seems unlikely to
underlie the disruption of node of Ranvier formation seen
in the current study. It has been shown, for example,
that complete block of electrical activity in the optic
pathway has no comparable effect upon the development
of the node, although it does have profound effects
upon peri-axonal glial cell processes (Friedman & Shatz,
1990), that were not seen in the current study. It is
more likely, therefore, that the effects of P/Q channel
mutation upon node development arise from disruption
of tubular–vesicular docking and the subsequent
interruption in the supply of membrane proteins necessary
for node of Ranvier development, and/or from the failure
of a signalling pathway mediated by vesicular release
from the nodal axolemma. The presence of V-ATPase and
glutamate in the vesiculotubular complex, and of SNAP-25
in the axolemma, indicate that vesicular fusion triggered
by calcium influx through calcium channels will liberate
glutamate onto the closely associated oligodendrocyte
processes. Recently, Kukley et al. (2007) and Ziskin et al.
(2007) have reported vesicular release of glutamate from
both developing and mature central axons, leading to the
activation of AMPA/kainate receptors on neighbouring
NG2(+) cells. Ziskin et al. (2007) suggest that these
AMPA/kainate receptor-mediated currents may have a
role in stimulating differentiation of the cells into
oligodendrocytes, while Kukley et al. (2007) speculate
that glutamate release may provide a signal capable
of directing oligodendrocytes to axons. Indeed, it is
known that oligodendrocyte migration, differentiation
and survival are regulated by non-NMDA-type glutamate
receptors (Gallo & Ghiani, 2000), and recent findings
have highlighted the presence of NMDA-type glutamate
receptors on early oligodendrocyte processes and within
myelin itself (Káradóttir et al. 2005; Salter & Fern, 2005;
Micu et al. 2006). Such receptors are ideally located
to receive vesicular glutamate released from developing
axons, and indeed glutamatergic postsynaptic potentials
are observed in white matter oligodendrocytes (Káradóttir
et al. 2005). White matter contains no synaptic boutons,
and taken together, the data strongly suggest that axons are
the synaptic partners of oligodendrocytes, at least during
myelination.

Signalling pathways between axons and oligo-
dendrocytes are known to be important in myelination
(Demerens et al. 1996; Stevens et al. 1998). The
glutamatergic signalling pathways described by Ziskin
et al. (2007) and Kukley et al. (2007) are consistent with
the current findings of glutamate-rich vesicular elements
within developing axons, synaptic proteins on these
structures and on the axolemma, and the requirement

of functional axonal synaptic-type calcium channels
for proper node of Ranvier formation. A pathway of
this type may act in parallel to the recently reported
leukaemia inhibitory factor-mediated (LIF) signalling
pathway involving axons and astrocytes (Ishibashi et al.
2006). Interruption of a glutamatergic pathway in leaner
can be expected to influence the relationship between
axons and their myelinating oligodendrocyte processes.
Indeed, dysmyelinated oligodendrocyte phenotypes such
as the shiverer (lacking myelin basic protein) and
myelin-deficient (md) mutants exhibit a similar disruption
in CASPR-1 expression to that found in leaner in the
current study, and have a similar reduction in sodium
channel clusters (Kaplan et al. 1997; Rasband et al. 1999;
Tait et al. 2000; Boiko et al. 2001; Arroyo et al. 2002). A
direct effect of calcium channel dysfunction upon protein
targeting to the node can not be discounted, since axons
lacking scaffold elements such as ankyrin G and β IV
spectrin have reduced sodium channel clusters and the
presence of vacuoles in the nodal axoplasm (e.g. Komada
& Soriano, 2002; Yang et al. 2004).

Several other spontaneous mutations with
compromised P/Q channel function have been identified
in addition to du2J /du2J and tg la/tg la. Of these, ducky
(du/dμ), tottering (tg/tg) and tottering/leaner (tg/tg la)
show marked malformation of axon tracts (Meier, 1968;
Meier & MacPike, 1971; Rhyu et al. 1999a). While
abnormal axons have also been described in P/Q null
mice (Jun et al. 1999) and the rolling (tg rol/tg rol) mutation
(Rhyu et al. 1999b), gross disruption of white matter has
not been reported in these or other P/Q mutants. The
phenotype of P/Q mutants is highly variable (Fletcher
& Frankel, 1999), which is presumably a product of
differences in the effects upon channel function and the
degree of compensatory changes in other Ca2+ channel
types. Of the mutant mice, tg la/tg la is reported to have the
most compromised function and shows no compensatory
increases in other high-voltage-activated Ca2+ channels,
possibly due to the unaffected level of subunit protein
expression in this mutant (Dove et al. 1998; Wakamori
et al. 1998). Large compensatory increases in other
high-voltage-activated Ca2+ channels have been reported
in P/Q null mice (Jun et al. 1999; Fletcher et al. 2001),
which can completely counter the loss of P/Q current
in presynaptic nerve terminals (Inchauspe et al. 2004).
Similar compensatory changes may overcome the loss of
axonal P/Q channels in null animals, allowing formation
of the node to proceed adequately.

Alongside the important role in nodal development,
we have shown that Ca2+ channels contribute to action
potential conduction at a point when the axon diameter
is increasing rapidly (Hildebrand & Waxman, 1984). This
is a period when Na+ channels are being re-distributed to
mediate saltatory conduction (Rasband & Shrager, 2000),
but before sufficient compact myelin is present to allow
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saltatory conduction to proceed. It has been unclear how
axons retain the ability to conduct action potentials as
they undergo this transformation but it is essential for
proper CNS development that they do so (Shatz, 1996).
By boosting inward current during the action potential,
Ca2+ channels are well placed to counter the temporary
biophysical constraints that will inhibit axon function
during early myelination. In particular, the P/Q channel
expression pattern is ideal to assist with action potential
conduction during the period of axon diameter expansion,
while the L-type channels may be involved primarily
before diameter expansion begins, having a relatively high
expression level in P2–P5 axons. Calcium channels may
therefore have multiple functions in developing central
axons. Two earlier studies failed to report the presence of
a significant calcium conductance in developing central
axons. Foster et al. (1982) did not record a DCAP in the
neonatal rat optic nerve following perfusion with isotonic
Ba2+. It appears that the rate of stimulation used in this
study was 0.5 Hz and our analysis indicates that any DCAP
evoked under these conditions would fail after several
seconds (see Fig. 2D). Since the recordings collected in
this study were averages of eight sweeps, a short-lived
DCAP would have been near-impossible to detect. Sun
& Chiu (1999) recorded Ca2+ influx into regions between
neonatal rat optic nerve glia following axonal stimulation.
They report effects of L-type calcium channel blockers
that did not reach significance given the small number
of trials, but may have done with a larger sample
size.

Finally, in addition to physiological and developmental
roles, axonal calcium channels are likely to be significant
for a variety of pathological conditions. The axons of
immature white matter are the focus of injury in a
number of developmental white matter injuries including
periventricular leukomalacia, the main pathology
associated with cerebral palsy (Back & Rivkees, 2004).
Cerebral palsy is the most common human birth disorder
and is thought to be at least partly ischaemic in origin.
Since ischaemic axonal injury is largely calcium mediated
(Stys et al. 1992; Fern et al. 1995), calcium channels must
represent a major pathway for ischaemic calcium influx
into developing central axons.
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