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TOPICAL REVIEW

Axon initial segment dysfunction in epilepsy
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The axon initial segment (AIS) contains the site of action potential initiation and plays a major
role in neuronal excitability. AIS function relies on high concentrations of different ion channels
and complex regulatory mechanisms that orchestrate molecular microarchitecture. We review
recent evidence that a large number of ion channels associated with epilepsy are enriched at
the AIS, making it a ‘hotspot’ for epileptogenesis. Furthermore, we present novel data on the
clustering of GABRy2 receptors in the AIS of cortical and hippocampal neurons in a knock in
mouse model of a human genetic epilepsy. This article highlights the molecular coincidence of
epilepsy mutations at the AIS and reviews pathogenic mechanisms converging at the AIS.
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Axon initial segment: functional relevance
and connection with epilepsy

epilepsy, where independent molecular mechanisms cause
similar effects on neuronal function by altering the
properties of AIS-mediated signal transmission leading

Information processing in neurons relies on the .
P 8 to hyper-synchronous neuronal behaviour.

integration of excitatory and inhibitory inputs to make
a yes-or-no decision to fire an action potential (AP).
In most neurons this processing occurs at the axon
initial segment (AIS), a specialised domain of the axon
proximal to the soma (Fig. 1). Once regarded simply as
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a point of AP initiation, there is now growing evidence
of both functional and structural complexity of this
specialised neuronal compartment (Ogawa & Rasband,
2008; Song et al. 2009). For example, it has only
been recently recognised that different neuronal subtypes
possess AISs with unique properties and forms of plasticity
(Goldberg et al. 2008; Hu et al. 2009). AIS function is
dependent on high density clustering of a multitude of
different ion channels. Intriguingly, a significant number
of these channels have been associated with human
epilepsy, in particular Na™ channel subunits, GABA,
receptors, K* channels and Ca*" channels. This paper will
review our growing understanding of epilepsy-associated
proteins localised at the AIS. We propose that the
AIS represents one ‘common pathogenic node’ in
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The AIS - a specialised region of the axon

Evidence for AP initiation at the AIS first appeared in
the 1950s. Classical experiments, using antidromic and
orthodromic stimulation in motor neurons, revealed that
the AIS spike always preceded the somatic spike (Araki
& Otani, 1955; Coombs et al. 1957; Fatt, 1957). An early
computer model by Dodge & Cooley (1973) predicted that
a high local density of Na™ channels in the AIS, as in the
nodes of Ranvier, would lower the threshold membrane
potential for AP initiation in the AIS (Dodge & Cooley,
1973). Indeed, cytochemical and electron microscopic
freeze fracture studies previously identified membrane
similarities between the AIS and the nodes suggesting that
Na* channel density would be likewise similar (Palay et al.
1968; Rosenbluth, 1976; Waxman & Quick, 1978).

Molecular composition of the AIS

The molecular and structural architecture of the AIS is
defined by a specialised and complex cytomatrix. The
large scaffolding protein ankyrinG (AnkG) is critical for
assembly of AIS components and is frequently used as the
defining molecular marker of this structure. AnkG itself is
attached to BIV spectrin, which, in turn, anchors the whole
submembrane scaffold to the actin cytoskeleton. High
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Figure 1. Neuronal anatomy, axonal compartments and the AIS
The AIS (highlighted in red) includes the first 30-70 um — depending
on the cell type — of axon adjacent to the axon hillock.
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concentrations of cellular adhesion molecules (CAMs),
including Caspr2, Nf-186 and NrCAM, are also found at
the AIS and are thought to be involved in establishing
a specialised extracellular matrix that surrounds the AIS
(Hedstrom et al. 2007).

The AIS cytomatrix is geared to supporting and
modulating the ion channels responsible for generating
APs. For example, Na™ and KCNQ channels bind directly
to AnkG while Kvl channels are anchored at the AIS
via PSD-93, a member of the PDZ-domain containing
membrane-associated guanylate kinase family (MAGUK;
Ogawa & Rasband, 2008). It is the ability of the AIS to
maintain these voltage-sensitive channels at high densities
that makes it the point of AP initiation within the neuron.

The three major brain Nat channel ¢-subunits, Na, 1.1,
Na,1.2 and Na,1.6, and the Bl accessory subunit are
all enriched in the AIS (Van Wart ef al. 2007; Duflocq
et al. 2008; Kole et al. 2008; Lorincz & Nusser, 2008;
Brackenbury et al. 2010). AP waveform properties are
further influenced by K* channels residing at the AIS, and
to date, Kv1.1/2/4 and KCNQ2/3 have all been identified at
the AIS (Chung et al. 2006; Inda et al. 2006; Van Wart et al.
2007; Sarmiere et al. 2008; Shah et al. 2008). More recently,
R- and T-type Ca®t channels have also been found at the
AIS (Bender & Trussell, 2009). Mutations with functional
changes in these AIS channels or structural proteins are a
highly plausible mechanism of epileptogenesis by affecting
the excitability of neurons and networks.

Measuring AlS function

The morphology of the AIS and the molecular
arrangement of ion channels and anchoring proteins
determine the functional properties of the AIS. APs are
thought to be initiated when the distal end of the AIS
is sufficiently depolarised. The spike then propagates
back to the cell body, where the somatic component
of the AP is generated, which presumably contributes
to back-propagation of APs. The temporal sequence of
these events imparts a characteristic signature on the AP
shape as recorded using current clamp (Fig. 2). Functional
details about AP initiation can then be derived by simply
calculating the first and second derivatives of the AP
voltage trace (dV/dr and d*V/dt?; Fig. 2).

Direct cell-attached whole-cell recordings have revealed
the specific contributions of AIS channels to AIS function.
Na, 1.6 contributes to AP initiation and Na,1.2 to AP
backpropagation, K™ channels modify AP waveform and
Ca’" channels underlie and shape AP bursts (Kole et al.
2007; Bender & Trussell, 2009; Hu et al. 2009). Single-cell
voltage sensitive dye imaging from axonal compartments
has provided insight into tempero-spatial dynamics of AP
initiation in the distal AIS and orthodromic and anti-
dromic propagation of the spike (Palmer & Stuart, 2006).
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To fully appreciate the potential for AIS dysfunction in
epilepsy we next detail the current state of knowledge of
epilepsy associated mutations in AIS resident ion channels
and how they may change excitability.

Na* channels

Given the role of Na™ channels in AP initiation, it is not
surprising that most mutations associated with epilepsy
have been found in genes coding for these channels, in
particular the a-subunit genes SCNIA, SCN2A and the
accessory B-subunit gene SCNIB.

SCN1A/Nay1.1. Mutations in SCNIA cause epilepsies
of varying severity within the phenotypic spectrum
known as genetic (generalised) epilepsy with febrile
seizures plus (GEFS+; Scheffer et al. 2007, 2009). This
diversity is thought to be correlated with the particular
type of mutation involved, i.e. mutations with subtle
functional effects tend to cause mild phenotypes such
as benign febrile seizures (FS). In contrast, complete
loss-of-function mutations lead to Dravet’s syndrome,
a severe encephalopathy. Mice with heterozygous Scnla
loss-of-function mutations have been used as rodent
models for human Dravet’s syndrome (Yu et al. 2006;
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Figure 2. AIS function in acute brain slices can be analysed
using somatic patch clamp recordings

A, averaged AP waveform. B, time-aligned fist derivative of AP
waveform (dV/dt). C, time-aligned second derivative (d2V/dt?).
Characteristic signature of sequential AP initiation in the AIS (open
arrowhead) and soma (filled arrowhead). Time bar 1 ms, V, bar

20 mV (A), dV/dt bar 100 mV s~' (B), and d?V/dt? bar 1000 mV s—2
).

© 2010 The Authors. Journal compilation © 2010 The Physiological Society

Axon initial segment dysfunction in epilepsy 1831

Ogiwara et al. 2007) and point to a specific interneuron
dysfunction in seizure generation.

Only recently has detailed information about the
neuron type expression and the subcellular localisation of
Nay 1.1 become available (Duflocq et al. 2008; Lorincz &
Nusser, 2008) and it has been shown that Nay 1.1 appears
to be localised exclusively to interneuron AISs (Fig. 3).
Taken together, these two lines of evidence suggest that
Dravet’s syndrome may be caused by a specific deficitin the
function of interneuron AISs. However, further functional
studies are required to test this hypothesis.

AnkG

Merge

Nay1.1

Na,1.6

Figure 3. Three major Na* channel a-subunits localise to the AIS
Our own immunohistochemical stainings reproduced the
interneuron-specificity of Nay 1.1 expression suggested by Lorincz &
Nusser (2008) (but also see Duflocq et al. 2008) as well as gradient
distribution of Nay 1.2 and Nay 1.6. Green: staining against Na*
channel a-subunit, red: staining against AnkG. A, inhibitory
interneuron-specific expression of Nay 1.1 in proximal half of the AIS
(inhibitory neuron in stratum radiatum in hippocampus). B, in adult
mice Nay 1.2 is concentrated in the proximal half of pyramidal cell AIS
(CA3). C, Nay 1.6 gradient with peak concentration in distal AlS (CA3).
Scale bar 5 um.
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SCN2A/Nay1.2. Missense mutations of SCN2A cause
benign familial neonatal-infantile seizures (BFNIS), a
relatively mild form of childhood epilepsy that usually
resolves within the first year of life (Berkovic et al
2004). Cell biological studies show that this neonatal
seizure onset corresponds well to the specific expression
pattern of Nay1.2. During embryonic and early postnatal
development Nay 1.2 is the main Na™ channel in the AIS of
excitatory neurons but Nay 1.6 expression increases soon
after birth (Fig. 3). In adult animals the two Na™* channel
a-subunits show complementary localisation gradients
within the AIS with Nay1.2 occupying the proximal half
of the AIS and Nay 1.6 being concentrated in the distal half
(Fig. 3; Boiko et al. 2003). These observations imply that
mutations in SCN2A may have their biggest effect on AIS
function in infants (Xu et al. 2007) while the increase in
Nay 1.6 expression may be able to compensate for these
deficits later in life. More severe mutations in SCN2A
may cause refractory seizures beginning in early childhood
(Ogiwara et al. 2009).

FS is the commonest childhood seizure syndrome. They
are sometimes due to monogenic missense mutations
in SCNIA or GABRG2 (Wallace et al. 1998; Wallace
et al. 2001), but more commonly have a complex genetic
architecture due to multiple and, as yet, unidentified
genes. A potential common pathway may involve a
Nay 1.2 mediated AIS mechanism. Work in our laboratory
investigating wild-type Nay 1.2 channels showed that their
voltage dependence of activation was exquisitely sensitive
to physiological changes in temperature. A febrile increase
in recording temperature, from 37°C to 41°C, produced
an 8 mV left-shift in half-activation voltage that would
result in the direct temperature-dependent opening of
AIS localised Nay1.2 channels. Computational modelling
showed that this change in activation voltage could readily
produce epileptiform network activity (Thomas et al.
2009).

SCN8A/Nay1.6. Only one mutation in the gene for human
Nay 1.6 channels has been found to date; this heterozygous
null mutation leads to cerebellar atrophy, ataxia and
mental retardation but an epileptic phenotype was not
seen (Trudeau et al. 2006). However, there is a wealth
of evidence from animal studies that connects Nay1.6
with epilepsy (Papale et al. 2009) and suggests a major
role for Nay1.6 in AP initiation at the AIS (Royeck et al.
2008). Patch clamp and modelling studies on neurons
from Scn8a knock out mice show impaired AP firing (Van
Wart et al. 2007; Royeck et al. 2008). Furthermore, it has
been proposed that Nay1.2 and Nayl1.6 serve distinct,
subtype specific functions in AP initiation with Nay1.6
being responsible for AP initiation at the distal end of
the AIS and Nayl.2 mediating AP backpropagation to
the soma (Hu et al. 2009). Heterogeneity of AIS Na‘t
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channel distribution in different neuron types would
be an important determinant of neuronal excitability in
normal function as well as in pathological states such as
epilepsy. For example, a more proximal spike initiation
zone significantly reduces cellular excitability (Kress et al.
2010).

The critical role of Nayl.6 in neuronal output is
illustrated by reduced susceptibility to experimentally
induced seizures not only in heterozygous Scn8aknock out
mice but also in a Scnla/Scn8a double knock out mouse
strain (Martin et al. 2007; Blumenfeld et al. 2009). Scnla
heterozygous knock out mice model Dravet’s syndrome,
a severe form of childhood epilepsy. In the Scnla/Scn8a
double knock out, seizure severity was dramatically
reduced (Martin et al. 2007), indicating a protective
antagonistic epistatic mechanism probably relating to
inhibition of AP initiation in the distal AIS. Interestingly,
however, Scn8aknock out mice and mice carryinga Nay 1.6
missense mutation show absence epilepsy, suggesting
brain region specific effects of genetic manipulation of
this Na™ channel subunit (Papale et al. 2009).

Mutations in SCN9A have also been shown to be
associated with FS (Singh et al. 2009) but there is no direct
evidence that Nay1.7 is localised to the AIS although it is
clearly axonal (Rush et al. 2005).

SCN1B/B1. Functional properties of Na® channel
a-subunits are modulated by accessory S-subunits. 1
(SCNIB) mutations have been found in patients with
GEFS+ and Dravet’s syndrome (Wallace et al. 1998;
Scheffer et al. 2007; Patino et al. 2009). Wild-type S1
has been found in nodes of Ranvier and has recently
been shown to also reside in the AIS (Brackenbury et al.
2010), which itself has been postulated to be a specialised
nodal compartment (Hill et al. 2008). Experiments in
Scnlb knock out mice showed that cerebellar granule
neurons lacking 81 were hypoexcitable due to a reduction
in resurgent Na't current, suggesting that B1 is required
for high-frequency firing in these neurons (Brackenbury
et al. 2010). The precise role of 81 in other neuron types
and how epilepsy mutations modulate this function is yet
to be determined.

GABA, receptors

GABA, receptors (GABRs) mediate inhibition in the brain
and mutations resulting in decreased GABA4R function
have been shown to cause neuronal hyperexcitability and
epilepsy (Tan et al. 2007). AIS targeting of different
GABA R subunits has been known for more than a decade
(Nusser et al. 1995; Christie & De Blas, 2003), but our
novel data now suggest a direct effect of human GABA,R
mutations on axo-axonic inhibition (see below). This
type of inhibition, which is predominantly mediated by
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a specific interneuron subclass (Chandelier or axo-axonic
neurons), plays an important role in synchronisation of
large ensembles of excitatory neurons (Cardin et al. 2009).
Deficits in axo-axonic inhibition have also been implicated
in epilepsy (Howard et al. 2005).

GABAAR 2. Several mutations in the y2-subunit of
GABRs have been associated with FS, GEFS+ and
childhood absence epilepsy (CAE; Baulac et al. 2001;
Wallace et al. 2001). Local field potential and EEG
recordings in rodent models of these different phenotypes
suggest involvement of different brain regions in seizure
generation; early epileptiform activity during FS is
detected in the hippocampus followed by generalisation of
FS involving cortical structures (Dube et al. 2007; Oakley
et al. 2009) whereas absence seizures require participation
of a thalamocortical loop (Kostopoulos, 2001).

Differential GABAAR y2 expression at hippocampal and
cortical AlSs. Interestingly, one mutation, y2(R43Q),
can cause both seizure types within a given individual,
although the mechanism underlying this clinical
heterogeneity is unclear. The R43Q mutation, found in
a large family with FS and CAE (Wallace et al. 2001), has
been shown to alter receptor properties (Bianchi et al.
2002; Bowser et al. 2002; Goldschen-Ohm et al. 2010)
and trafficking in vitro (Frugier et al. 2007). Because
earlier studies have suggested that y2 can cluster at
axo-axonic synapse in the AIS (Christie & De Blas, 2003)
we investigated the distribution of wild-type and Q43
subunits using immunohistochemical staining. In the
CA3 region of the hippocampus, immunohistochemical
staining against y2 revealed inhibitory postsynapses
on somatodendritic compartments and also very high
densities of y2 positive clusters in AISs (Fig. 4A and D;
18.7 £ 1.1 2 positive clusters per 10 um of AIS, n=21
AlSs from 2 mice). In comparison, the density of y2
containing inhibitory AIS synapses in CAl and primary
somatosensory cortex (S1) ismuch lower (Fig. 4B-D; CA1:
6.6 + 0.7 y2 positive clusters per 10 um of AIS, n = 26 AISs
from 2 mice; S1: 5.4 &£ 0.5 y2 positive clusters per 10 wm of
AIS, n =40 AISs from 2 mice; ANOVA; P < 0.0001; L2/3
and L5 were pooled because the number of y2 positive
clusters per 10 um of AIS did not differ between them),
suggesting a brain region specific role of y2 in axo-axonic
inhibition.

Impact of R43Q mutation on GABAAR y2 at hippocampal
AIS. We next compared the number of y2 positive
synapses on the AIS of CAl neurons in wild-type mice
and heterozygous knock in R43Q mice that recapitulate
the human epilepsy phenotype (Fig. 4E; Tan et al. 2007).
There were no differences in the number of y2 synapses
per 10 um AIS length between genotypes (wild-type:
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6.8 0.5, n =63 AISs from 4 mice; RQ: 7.0 0.4, n =136
AlSs from 6 mice; t test, P = 0.7067), indicating that the
R43Q mutation does not alter the absolute number of
axo-axonic synapses, although we could not exclude the
possibility that the intensity of individual synapses would
be reduced. Such a reduction would also be consistent
with the presumed trafficking deficit of the Q43 subunit.
Although earlier in vitro work suggests reduced trafficking
(Kang & Macdonald, 2004; Frugier et al. 2007), it is
important to assess whether this occurs in vivo and to
what extent.

To study y2(Q43) subunit trafficking we used viral
expression of EGFP-tagged y2 wild-type and mutant

¥2 cluster count/ 10 pm AIS M

CA3 CA1 51

Figure 4. Brain region specific distribution of y2

A-E, antibody staining against y2 (green) and AnkG (red) in wild-type
tissue. A, CA3 AlSs with high y 2 cluster densities. B, fewer y 2 clusters
in CA1 compared to CA3. C, sparse y2 clusters in S1 AIS. D,
difference in the number of y2 clusters per 10 um length of AIS for
CA3, CA1 and S1. E, no difference in numbers of y2 positive
postsynapses in wild-type (RR) and heterozygous mutant (RQ) CA1
neurons. F, virus-mediated expression of EGFP-y 2(wild-type) in CA3
neurons. G, virus-mediated expression of EGFP-y2(Q43) in CA3
neurons. No y2 containing clusters were detected. Note accumulation
of EGFP-y2(Q43) in intracellular compartments (asterisk). Scale bars
10 um.
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subunits in vivo in hippocampal CA3 neurons (Fig. 4F
and G). As expected and as we found with our immuno-
histochemical studies above, EGFP-y2 wild-type subunits
were targeted to somatodendritic and AIS inhibitory
synapses (Fig. 4E). Such clusters could not, however, be
detected in neurons expressing EGFP-y2(Q43) (Fig. 4F;
results in CAl and S1 are identical, data not shown),
confirming that the mutation indeed leads to impaired
intracellular trafficking and retention of the Q43 subunit
(Kang & Macdonald, 2004; Frugier et al. 2007) and
importantly, showing exclusion of the Q43 subunit from
postsynaptic GABA, receptor clusters in the AIS. We
could not quantify differences in y2 cluster intensity using
immunohistochemical staining as the expected changes,
~35% (Tan et al. 2007), would be below the detection
limit of antibody methods.

Overall, our results suggest that y2 clusters are enriched
in the AIS of hippocampal CA3 neurons compared to CA1l
and S1 neurons and that the Q43 mutation does not alter
the number of 2 containing axo-axonic clusters but rather
would cause a reduction in the amount of y2 per individual
cluster. Furthermore, the paucity of y2 containing clusters
in CAl and S1 compared to CA3 AISs suggests that
the R43Q mutation may differentially affect CA3 versus
CAl and cortical axo-axonic-inhibition. It is unclear
whether such changes would result in reduced inhibition
or increased excitation of the AIS, as it has been suggested
that the GABA mediated axo-axonic inhibition may be
excitatory (Szabadics et al. 2006; Khirug et al. 2008; Molnar
et al. 2008; Stafstrom, 2009b) or inhibitory (Glickfeld et al.
2009). This observation raises the intriguing possibility
that the presumed CA3 AIS defect in R43QQ patients would
give rise to the FS phenotype and that the cortical impact
of the R43Q mutation is via a non-AIS mechanism that
gives rise to the CAE phenotype. While this remains to
be confirmed experimentally, it does provide a molecular
explanation for the observed clinical heterogeneity.

Other AIS ion channels associated with epilepsy

K* channels. Members of the KCNQ and Kv voltage
gated K™ channels have been found at the AIS (Chung
et al. 2006; Van Wart et al. 2007; Ogawa & Rasband,
2008; Sarmiere et al. 2008; Shah et al. 2008). Human
mutations in Kvl.1 and KCNQ2/3 have been reported
and clinical phenotypes are episodic ataxia (EAl) and
benign familial neonatal seizures (BFNS), respectively
(Browne et al. 1994; Jentsch, 2000; Chung et al. 2006;
Miceli et al. 2009). Knock out mouse models of Kcnla
and Kcn2a both display spontaneous seizures (Smart
et al. 1998; Brew et al. 2007). KCNQ channels (or M
channels) modulate the subthreshold membrane potential
and dampen excitability of the AIS (Goldberg et al.
2008). Interestingly, several human BFNS mutations
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reduced surface expression of KCNQ channels at the AIS,
indicating that reduction in AIS M-current plays a role in
the pathophysiology of BENS (Chung et al. 2006).

Kv channels, on the other hand, are important
modulators of AP firing frequency (Goldberg et al.
2008; Johnston et al. 2008). Kv1.1 channels at the AIS
control AP waveform and synaptic efficiency and epilepsy
mutations in this channel type may modulate cellular
excitability by shortening or broadening of axonal APs,
leading to increased frequency and fidelity of AP firing
or enhanced synaptic transmission by prolonging Ca®*
influx through voltage-gated Ca** channels, respectively
(Kole et al. 2007). Once again, functional experiments will
be necessary to investigate whether human epilepsies with
K* channel mutations result from dysfunction of the AIS.

Ca?* channels. The presence of Ca’" channels at the
AIS has only recently been shown, and functional
characterisation indicates that R- and T-type Ca’"
channels reside in the proximal half of the AIS (Bender
& Trussell, 2009). Mutations located in CACNA1H that
encodes the T-type Cay3.2 subunit have been found in
various forms of idiopathic generalised epilepsy (IGE),
including those with absence seizures (Chen et al. 2003;
Heron et al. 2004; Khosravani et al. 2004; Khosravani
et al. 2005; Vitko et al. 2005; Heron et al. 2007). Most of
the human variants tested are predicted to increase Ca*"
influx (Heron et al. 2007). Given the proposed function
of AIS Ca** channels, which is to generate and shape
AP bursts, it is interesting to hypothesise that mutations
in the gene for Cay3.2 may modulate neuronal bursting
in patients (Bender & Trussell, 2009). Additional evidence
from the generalised absence epilepsy rats from Strasbourg
(GAERS) model suggests that gain-of-function mutations
in this channel are, in part, responsible for expression of
the absence phenotype (Powell et al. 2009).

Epilepsy-associated non-ion channel proteins
in the AIS

Since the discovery of the first genetic epilepsy mutation in
1995 most of the genes implicated in idiopathic epilepsies
involve ion channel subunits and, thus, the general disease
mechanism of epilepsy has been conceptualised as that of
a ‘channelopathy’. However, examples of non-ion channel
mutations in epilepsy are challenging this view. One such
example stems from the observation that a mutation in
an AIS cell adhesion molecule protein is also associated
with an epilepsy syndrome (Strauss et al. 2006). A human
homozygous single base pair deletion in the gene coding
for the CAM Caspr2 leads to focal (largely temporal lobe)
seizures and intellectual impairment.

More evidence for brain pathogenic mechanisms
involving structural AIS proteins is available from animal
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models. ‘Quivering’ mice lacking functional IV spectrin
implicate reduced AIS clustering of Na™ channel and
consequently, reduced excitability of affected neurons
(Winkels et al. 2009). In addition, proteolysis in response
to neuronal injury has been shown to specifically affect
the structural integrity of the AIS (Schafer ef al. 2009).
Previously it has been suggested that the cytoskeletal
scaffolds rather than ion channel expression may confer
both specificity and functional flexibility to the AIS
(Ogawa & Rasband, 2008). It is likely that in the coming
years a wealth of mutations of AIS structural proteins will
appear and that they will exert their epileptogenic action by
changing ion channel clustering, targeting and function.

Conclusion

Given the accumulation of epilepsy-associated proteins
in the AIS in combination with its role in AP firing,
we anticipate it will likewise play a major role in AP
firing dysfunction in epileptogenesis. So far, however,
the evidence linking AIS dysfunction and epileptic
phenotype is largely indirect and further cell-biological
and functional experiments that specifically interrogate
AIS function in the context of epileptogenesis will be
needed to further our understanding of the disease process.

It has been proposed that different epilepsy mutations
might share ‘points of convergence’ in the disease process,
i.e. pathogenic mechanisms that are not closely related but
independently cause similar effects on neuronal function
by altering a particular property of signal transmission,
in this case the function of the AIS. Therefore, it can
be speculated that the AIS represents a ‘structure of
convergence, whose properties are altered by epilepsy
mutations (Table 1).

The epilepsies include numerous clinical syndromes
with hundreds of known human epilepsy mutations and
it is almost impossible to imagine specific therapeutic
approaches to each of these conditions. In contrast,
pathogenic mechanisms converging at the AIS are likely to
affect one or a combination of three basic AP properties,
AP frequency, waveform and threshold of initiation, all
of which are controlled by AIS ion channels and directly
translate into neuronal network excitability. Hence, the
AIS might provide an excellent target for antiepileptic
drugs in the future because multiple AIS related disease
mechanisms can be ‘reduced’ to a few common disease
pathways or ‘AlSopathies’. Not all epilepsies, of course, will
be due to AIS dysfunction but similar points of functional
convergence may be identified in other epilepsies that
promise to tame the potential number of mechanisms
predicted by the emerging genetic architecture.

It is curious that AIS proteins have also been associated
with other brain disorders, for example the ANK3 gene
coding for AnkG has been identified as a susceptibility
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locus for bipolar disease (Ferreira et al. 2008). These results
prompt the question, ‘how do mutations affecting the AIS
specifically cause either epilepsy or bipolar disease?” They
also highlight the bigger issue of co-morbidities associated
with epilepsy mutations, e.g. cognitive impairment,
intellectual disability, depression, etc. A full understanding
of the heterogeneity of AIS molecular anatomy and
function across neuron types and brain regions will
shed light on these important issues and may point the
way forward for novel disease-specific therapeutic inter-
ventions.

Methods

Electrophysiology. Experiments were carried out
according to the guidelines laid down by the Florey
Neuroscience Insititutes’ animal welfare committee.
P14-16 wild-type mice were anaesthetised with 2%
isoflurane before decapitation. The brain was removed
and 300 um sagittal vibrating microtome sections were
prepared in a saline ice bath. Slices were allowed to recover
at room temperature for 1 h in artificial cerebrospinal
fluid (aCSF; in mm: NaCl 125, NaHCO, 25, KCI 5,
NaH,PO, 1.25, glucose 10, MgCl, 1, CaCl, 2) bubbled
with 95% O,—5% CO,.

For current clamp recordings, brain slices were perfused
with oxygenated aCSF at 34°C. Pyramidal neurons in the
subiculum were visualised and identified with IR-DIC
microscopy. Somatic whole-cell current-clamp recordings
were made with a patch-clamp amplifier (MultiClamp
700A, MDS) using 3—6 M2 filamented borosilicate micro-
pipettes (GC150F-10, Harvard Instruments) filled with
the following solution (in mMm): potassium gluconate 125,
KCl 5, MgCl, 2, Hepes 10, ATP-Mg 4, GTP-Na, 0.3,
Tris-phosphocreatine 10, EGTA 10 (pH 7.2, osmolarity
290 mosmol 17'). Standard capacitance compensation and
bridge balance techniques were employed. Membrane
resistance was between 50-100 M2 for all recordings.

Ten minutes after break-in, pCLAMP (Molecular
Devices, Sunyvale, CA, USA) was used to drive a
current-clamp protocol consisting of 20 current steps of
400 ms duration (20 pA incremental steps from —100 pA
to 280 pA) with 300 ms baseline recording on either side
of the step. A gap of 500 ms was allowed between each
sweep. Sampling rate was ~83 kHz.

Data analysis. Electrophysiological recordings were
analysed using custom software written in MATLAB (The
Mathworks, Inc., Natick, MA, USA). AP baselines were
taken from a threshold value defined as 10 mV ms™},
which was also used to align APs for averaging. AP
waveforms were isolated by our custom software (100
data points before AP onset to 150 data points past AP

peak). First (dV/dt) and second (d*V/dt*) derivatives
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Table 1. Epilepsy-associated proteins found in the AIS with a summary of their human epilepsy mutations and human phenotypes

Gene Gene product Mutations Epilepsy syndrome(s)
SCN1A Sodium channel a1 subunit >100 known human mutations (for review Dravet's syndrome, GEFS™
see Reid et al. 2009; Stafstrom 2009a)
SCN2A Sodium channel 2 subunit >10 mutations (for review see Reid et al. BFNIS, encephalopathies
2009)
SCN8A Sodium channel a6 subunit P1719RfsX6 (Trudeau et al. 2006) Epilepsy phenotype described
to date only in mouse models
SCN1B Sodium channel g1 subunit C121W (Wallace et al. 1998) GEFSt
S5AA deletion (Audenaert et al. 2003)
R85C/R85H (Scheffer et al. 2007)
R125C (Patino et al. 2009)
KCNQ2/3 Potassium channel (Ky7.2/3) >50 mutations (for review see Reid et al. BFNS
2009)
KCNAT Potassium channel (Ky1.1) >20 mutations Partial epilepsy and episodic
(reviewed in Jen et al. 2007) ataxia
CACNATH Calcium Channel (T-type, >30 mutations IGE
Cay3.2) (Chen et al. 2003; Heron et al. 2004;
Khosravani et al. 2004; Khosravani et al.
2005; Vitko et al. 2005; Heron et al. 2007;
Powell et al. 2009; Reid et al. 2009)
GABRG2 GABAA, receptor (y2) R43Q (Baulac et al. 2001; Wallace et al. 2001) FS/GEFS*
K289M (Baulac et al. 2001)
R139G (Audenaert et al. 2006)
Q351X (Harkin et al. 2002)
(For review see Kang & Macdonald, 2009.)
GABRA1 GABAA receptor (a1) A322D (Krampfl et al. 2005) IGE
GABRB3 GABAA, receptor (83) P11S, S15F, G32R (Tanaka et al. 2008) CAE
CNTNAP2 Contactin-associated 3709delG (Strauss et al. 2006) Focal epilepsy

protein-like 2 (CASPR2)

were calculated numerically. Figure 2 shows averages of
8-9 tonically fired APs per cell for # =13 neurons.

Virus particles and stereotaxic injections. We generated
adenoassociated virus (AAV) preparations (AAV1/
2-EGFP-y2(wild-type) and AAV1/2-EGFP-y2(Q43);
infectious titre 8 x 10° to 8 x 107 cells ml™') using helper
plasmids encoding capl and cap2 at a ratio of I:1.
Transcription from all AAV constructs was controlled
by a hybrid cytomegalovirus enhancer/chicken S-actin
(CBA) promoter. P28 C57B/6 mice were anaesthetised
using 1.5% isofluorane. Rectal body temperature was
maintained at 36.0-36.5°C with a closed loop regulated
heating pad (FHC, Bowdoinham, ME, USA). Stereotaxic
injections were performed as previously described
(Wimmer et al. 2004) at the following coordinates: DG
and/or CAl: X+£1.75mm, Y —2.2mm, Z —1.8 and
—1.0mm. CA3: X+2.7mm, Y —2.2mm, Z —1.5mm.
Somatosensory cortex: X+£3.0mm, Y —0.5mm, Z
—1.0 mm. Injected mice were held for 12-15 days to allow
time for viral expression.

Preparation of paraformaldehyde-fixed brain slices and
staining methods. Animals were anaesthetised with a
lethal dose of sodium pentobarbitone (40 mgkg™') and

transcardially perfused with 0.1 M phosphate buffer (PB)
followed by PB with 1% (specifically used for Nay1.1,
1.2 and 1.6) or 4% paraformaldehyde. The brain was
extracted, and either immersed in 30% sucrose, frozen and
cut to 20 um thickness with a freezing microtome (Nay 1.1,
1.2, 1.6 and y2) or used to make coronal vibrating micro-
tome sections of 50—-100 pm thickness. The following anti-
bodies were used: mouse anti-ankyrinG (Zymed; 1:500),
rabbit anti-Nat channel subunits (Pana, Sigma, S6936,
1:500), Na,1.1 (Clone K74/71, NeuroMab, Davis, CA,
USA), Na, 1.2 (NeuroMab, Clone K69/3), Na, 1.6 (Neuro-
Mab, Clone K87A/10) and rabbit anti-y2 (1:300, ABcam,
Cambridge, UK). Secondary antibodies were conjugated
to Alexa dyes of different wavelengths (405, 488 or 594 nm;
1:300; Invitrogen).

Confocal laser scanning fluorescence microscopy and
quantification of y2 clusters. Confocal image stacks were
acquired with an Olympus FV1000 confocal microscope,
equipped with 405 nm, 473 nm and 559 nm diode lasers,
using an Olympus 60x oil-immersion objective (NA
1.35). 3D image stacks were recorded considering Nyquist
criteria. Stacks were deconvolved using Huygens Essential
software (v. 2.31; Scientific Volume Imaging, Hilversum,
The Netherlands).

© 2010 The Authors. Journal compilation © 2010 The Physiological Society
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2 clusters in the AIS were quantified in tissue immuno-
stained for AnkG and y2 using a workflow adapted
from Wouterlood et al. (2008). In brief, an objective
threshold for the y2 channel was generated using Image]
(Abramoft et al. 2004) plugin ‘3D object counter’ (written
by Fabrice Cordelieres, Institut Curie, Orsay, France)
in combination with a script detailed in Wouterlood
et al. (2008); the AnkG channel was thresholded
manually. Subsequently, regions of colocalisation between
y2 and AnkG were extracted using the Image] plugin
‘colocalisation highlighter’ (created by Pierre Bourdoncle,
Institut Jacques Monod, Service Imagerie, Paris) and
exported as a separate channel (‘y2/AnkG coloc’). This
¥2/AnkG coloc channel specifically identified y2 clusters
localised in AISs. y2, AnkG and y2/AnkG coloc channels
were then 3D reconstructed together and y2 clusters were
quantified per 10 um AIS length.

Statistical analyses. Data are presented as means =+ S.E.M.
Statistical analysis between two independent datasets
was performed using Student’s two-tailed unpaired ¢ test
using Prism 4.0 (GraphPad Software Inc., La Jolla, CA,
USA). Where appropriate, data were tested for normal
distribution using Kolmogorov—Smirnov normality test;
if data distribution was not normal, non-parametric tests
were used. For comparison of multiple datasets one-way
ANOVA with Bonferroni’s post hoc test was used.
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