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A Unique lon Channel Clustering Domain on the Axon Initial
Segment of Mammalian Neurons
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2Department of Physiology and Membrane Biology, University of California, Davis, CA 95616

Abstract

The axon initial segment (AIS) plays a key role in initiation of action potentials and neuronal
output. The plasma membrane of the AIS contains high densities of voltage-gated ion channels
required for these electrical events, and much recent work has focused on defining the
mechanisms for generating and maintaining this unique neuronal plasma membrane domain. The
Kv2.1 voltage-gated potassium channel is abundantly present in large clusters on the soma and
proximal dendrites of mammalian brain neurons. Kv2.1 is also a component of the ion channel
repertoire at the AlS. Here we show that Kv2.1 clusters on the AIS of brain neurons across diverse
mammalian species including humans define a non-canonical ion channel clustering domain
deficient in Ankyrin-G. The sites of Kv2.1 clustering on the AIS are sites where cisternal
organelles, specialized intracellular calcium release membranes, come into close apposition with
the plasma membrane, and are also sites of clustering of GABAergic synapses. Using an antibody
specific for a single Kv2.1 phosphorylation site, we find that the phosphorylation state differs
between Kv2.1 clusters on the proximal and distal portions of the AIS. Together, these studies
show that the sites of Kv2.1 clustering on the AIS represent specialized domains containing
components of diverse neuronal signaling pathways that may contribute to local regulation of
Kv2.1 function and AIS membrane excitability.
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Introduction

The axon initial segment (AIS) is a structurally and functionally specialized region of axons
that plays diverse roles in neuronal biology as the site of action potential initiation (Clark et
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al., 2009), the major determinant of polarity (Szu-Yu Ho and Rasband, 2011), and as a
protein and lipid diffusion barrier (Winckler et al., 1999; Song et al., 2009). The AIS has a
specialized molecular composition to execute these unique functions (Grubb and Burrone,
2010; Rasband, 2011; Kole and Stuart, 2012). A distinct repertoire of voltage-gated ion
channels is present on the AIS (Bender and Trussell, 2012). Voltage-gated sodium (Nav)
channels on the AIS mediate the rapid depolarizing phase of action potentials, and AIS
voltage-gated potassium (Kv) channels play critical roles in action potential repolarization,
and in setting action potential threshold, interspike interval and firing frequency (Kole and
Stuart, 2012). Specific forms of Nav and Kv channels are present at high densities in
specific AlS subdomains (Van Wart et al., 2007; Lorincz and Nusser, 2008) due to
interactions with scaffolding molecules such as Ankyrin-G (AnkG; for Nav and Kv7
channels), and PSD-93 (Kv1 channels), reviewed in (Vacher and Trimmer, 2012).
Intracellular Ca?* release channels present in cisternal organelles (Kosaka, 1980), and
ionotropic GABAergic synapses (Benedeczky et al., 1994), also have highly restricted
localizations within the AIS.

While many aspects of AlS structure and function are fundamental to neurons in varied
vertebrate species (Hill et al., 2008), there exists substantial diversity between different
types of mammalian neurons (Lorincz and Nusser, 2008). Moreover, there is plasticity in
AIS structure and function (Grubb et al., 2011), in that dynamic changes in expression,
localization and function of AIS ion channels through activity-dependent signaling pathways
underlies modulation of neuronal network activity (Grubb et al., 2011). The AlS is also a
“hotspot’ for epileptogenesis, as many ion channel subunits mutated in epilepsy are
localized to the AIS (Wimmer et al., 2010).

The Kv2.1 channel is unusual for its robust expression in large clusters on the soma and
proximal dendrites (Trimmer, 1991; Lim et al., 2000), and its extensive posttranslational
modification (Cerda et al., 2011). Kv2.1 undergoes rapid activity-dependent regulation by
reversible changes in these modifications, including phosphorylation at up to 34 sites
(Misonou et al., 2006; Park et al., 2006; Trimmer and Misonou, 2014) and SUMOylation
(Plant et al., 2011). While somatodendritic Kv2.1 clusters are seen in neurons throughout the
nervous system of diverse species, in response to enhanced neuronal activity Kv2.1 is
subjected to calcineurin-dependent dephosphorylation resulting in a loss of clustering and
changes in channel gating that yield enhanced channel activity (Misonou et al., 2004;
Misonou et al., 2006). The dynamic activity-dependent modulation of Kv2.1 acts to
homeostatically regulate intrinsic neuronal excitability (Misonou et al., 2006; Mohapatra et
al., 2009). A subpopulation of Kv2.1 channels is also clustered on the AIS (Sarmiere et al.,
2008), although their molecular characteristics and regulation have not been investigated.
Here we find that sites of Kv2.1 clustering on the AIS define a unique non-canonical AnkG-
deficient ion channel-clustering domain that also contains other signaling proteins crucial to
AIS function, and that may contribute to modulation of Kv2.1 channels on the AIS by
activity-dependent changes in phosphorylation state.

J Comp Neurol. Author manuscript; available in PMC 2015 August 01.
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Materials and Methods

Preparation of brain sections

This study was approved by the UC Davis Institutional Animal Care and Use Committee,
and the Institutional Review Board and conforms to guidelines established by the NIH. Rats
and mice were deeply anesthetized with 60 mg/kg sodium pentobarbital and perfused
through the ascending aorta with phosphate buffered saline, pH7.4, and 4% formaldehyde,
prepared from freshly depolymerized paraformaldehyde, in 0.1 M sodium phosphate buffer
(PB), pH 7.4. The brains were removed, cryoprotected for 18 hr in 10% sucrose, then 48 hr
in 30% sucrose. All samples of wild-type and Kv2.17~(Jacobson et al., 2007) mouse brains
were obtained from littermates from heterozygotic crosses. Perfusion fixed and
cryoprotected macaque monkey and ferret brains were gifts from the laboratories of our late
colleagues Dr. Edward G. Jones and Dr. Barbara Chapman, respectively. Fresh frozen
human brain samples (49.5 year old Caucasian male, 5 hour postmortem interval) were
obtained from the NICHD Brain and Tissue Bank for Developmental Disorders and NICHD
Contract #HHSN275200900011C, Ref. No. NO1-HD-9-0011. Samples from frontal cortex
were thawed in 4% formaldehyde, prepared from freshly depolymerized paraformaldehyde,
in 0.1 M sodium phosphate buffer (PB), pH 7.4, and fixed for 30 min. at 4°C, cryoprotected
for 18 hr in 10% sucrose, then 48 hr in 30% sucrose. Following cryoprotection, all samples
were frozen, and cut into 40 pm sections on a freezing stage sliding microtome. Sections
were collected in 0.1 M PB and processed immediately for immunohistochemistry.

Acute seizures were induced in adult male rats by systemic kainate administration at a dose
of 10 mg/kg (Misonou et al., 2004). Seizure progression was assessed by visual observation
of the behavioral seizure stage according to Racine's classification (Racine et al., 1972). A
full tonic-clonic behavioral seizure, with loss of postural control, was considered as a class 5
motor seizure. Animals that had a class 5 seizure were anesthetized with pentobarbital and
perfused as described above. Hypoxia was induced in rats that had been anesthetized with
pentobarbital by exposure to 100% CO, for 2 minutes (Misonou et al., 2005), which yield
effects on Kv2.1 phosphorylation similar to that obtained with other hypoxia models (Ito et
al., 2010) followed by perfusion as described above.

Antibody characterization

Table 1 contains a list of antibodies and dyes used in this study. We refer the reader to the
JCN antibody database (http://onlinelibrary.wiley.com/journal/10.1002/(1SSN)1096-9861/
homepage/jcn_antibody database.htm) for details on mouse monoclonal antibodies against
Kv2.1 (K89/34, NeuroMab), Ankyrin-G (N106/36, NeuroMab), Kv1.2 (K14/16,
NeuroMab), ryanodine receptor (34C, Pierce), Gephyrin (mAb7a, Synaptic Systems) and
rabbit polyclonal antibodies against VGAT (Synaptic Systems). Trimmer lab anti-Kv2.1
rabbit polyclonal antibodies KC and pS603 were previously validated by immunoblots
against Kv2.1 KO mouse brain samples (Misonou et al., 2006). NeuroMab mouse
monoclonal antibodies were validated as follows: anti-Ankyrin-G N106/65: reactivity
against AnkG and lack of cross reactivity against Ankyrin B in heterologous cells. N106/65
does not recognize denatured Ankyrin-G on immunoblots, but has an identical pattern of
staining in brain sections (i.e., specific labeling of nodes of Ranvier and the AlS) as clone

J Comp Neurol. Author manuscript; available in PMC 2015 August 01.
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N106/36. N106/36 yields a single band of the appropriate size on immunoblots of rat and
mouse brain samples, reactivity against AnkG and lack of cross reactivity against Ankyrin B
in heterologous cells, and is in the JCN antibody database; Anti-Nav1.6 K87A/10: does not
recognize denatured Nav1.6 on immunoblots, but yields specific labeling of nodes of
Ranvier and the AIS in brain sections, and labels cerebellar granule cells cultured from wild-
type mice but not those cultured from Nav1.6 null mice; anti-GABA-A al receptor N95/35:
yields a single band of expected size (52 kD) on immunoblots of rat and mouse brain
samples, this band is not seen in a similar sample prepared from GABA-A al receptor KO
mice; anti-GABA-A B1 receptor N96/55: yields a single band of expected size (55 kD) on
immunoblots of rat brain samples, does not cross-react with GABA-A 32 receptor or
GABA-A 33 receptor in heterologous cells; anti-GABA-A B3 receptor N87/25: yields a
single band of expected size (55 kD) on immunoblots of rat, mouse and human brain
samples, does not cross-react with GABA-A p1 receptor or GABA-A B2 receptor in
heterologous cells. Anti-synaptopodin mouse monoclonal antibody G1D4 (Acris) was
generated against podocytes and was originally characterized as yielding a single 44 kD
band on immunoblots of kidney, and as labeling podocyte foot processes (Mundel et al.,
1991). This mouse monoclonal antibody yields labeling in podocytes and brain identical to
the rabbit polyclonal antibody validated by synaptopodin KO mouse experiments (Deller et
al., 2003), including labeling of CO-associated puncta on the AlS that is eliminated in
synaptopodin KO mice (Bas Orth et al., 2007); Anti-a-actinin mouse monoclonal antibody
EA-53 (Sigma) labels a single band of the expected size (100 kD) on immunoblots of rat
brain (Wyszynski et al., 1998).

Multiple immunofluorescence labeling

Multiple immunofluorescence labeling was performed essentially as described (Manning et
al., 2012). In brief, sections were first rinsed in PB. Free-floating sections were incubated in
10% v/v goat serum in PB containing 0.3% v/v Triton X-100 (vehicle) for 1 h and then
incubated overnight at 4°C in vehicle containing different combinations of primary
antibodies. Following overnight incubation in primary antibodies, sections were washed 3X
for 10 min each in vehicle, and incubated for 1 h in vehicle containing affinity-purified
species and/or mouse 1gG-subclass-specific goat secondary antibodies conjugated to Alexa
fluors (Life Technologies). Sections were labeled with dyes (Hoechst 33258, phallacidin)
during the secondary antibody step. Sections were washed in 0.1M PB, dried, and cover-
slipped using ProLong Gold mounting medium (Life Technologies).

Unless otherwise noted, all images were obtained on a Zeiss AxioObserver Z1 microscope
(Carl Zeiss Microlmaging) equipped with an AxioCam HRm high resolution
monochromatic digital camera and an Apotome structured illumination system, using a
100X plan-Neofluar 1.3 NA oil immersion objective. Imaging and post-imaging processing
was performed in Axiovision (Carl Zeiss Microlmaging), including line histograms of
fluorescence intensity.

Confocal microscopy was performed at the UC Davis MCB LM Imaging Facility, on an
Olympus FV1000 Laser Scanning Confocal microscope. Super-resolution structured
illumination microscopy was performed on two microscopes based on the structured
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illumination technique (Gustafsson et al., 2008). Nokia 3D-SIM analyses was performed at
the UC Davis MCB LM Imaging Facility using a Nikon Eclipse Ti microscope fitted with a
Apo TIRF 100x/1.48 oil objective and 488 nm and 561 nm lasers. Capture and post capture
image processing was done using Nokia NIS-Elements AR imaging software v4.11. Super-
resolution light microscopy was also performed on a Zeiss Elyra SIM microscope, and
equipped with a Plan Apochromat 100X/1.46 NA oil immersion objective and 488 nm and
561 nm lasers, in conjunction with Carl Zeiss Microlmaging and specialist Bryant Chhun.

Linear adjustments to contrast and brightness were performed using Photoshop (Adobe
Systems). All panels in given figure were imaged and treated identically. The contrast and
brightness of the magnified insets were adjusted to highlight spatial expression patterns of
individual target molecules.

Kv2.1 is clustered at specific AnkG—deficient sites on the AIS of neocortical pyramidal

cells

The Kv2.1 voltage-gated potassium channel exhibits robust expression in large clusters in
neuronal somata and proximal dendrites in most mammalian central neurons (Trimmer,
1991; Lim et al., 2000) (Fig. 1). A recent study revealed that in addition to this prominent
somatodendritic localization, a subpopulation of Kv2.1 is also present on the AlS of rat
hippocampal neurons in culture, and in rat brain, in neurons in CA1-CA3 layers of
hippocampus, and layer IV of neocortex (Sarmiere et al., 2008). Figure 1 reveals that the
clustered localization of Kv2.1 on the AIS is also seen in mouse neocortex. This labeling,
while difficult to see amidst the extensive Kv2.1 labeling (green) on neuronal somata and
proximal dendrites (Fig. 1A), is revealed upon double labeling with the AIS marker AnkG
(red, Fig. 1B). That this labeling is specific for Kv2.1 is supported by its presence with
multiple anti-Kv2.1 antibodies (data not shown), and by the loss of this labeling in sections
prepared from Kv2.17~ (Kv2.1 KO) mice that were labeled and imaged identically as the
sections from WT littermates (Fig. 1D).

We found that the labeling for clustered Kv2.1 (green) on the AlIS is mutually exclusive with
that for AnkG (red, Fig. 2). Images obtained with a Zeiss Elyra super resolution structured
illumination microscope (Fig. 2A-F) reveal that the Kv2.1 clusters reside at AlS sites that
are located primarily over “holes” in the AnkG scaffold. A similar contrasting distribution of
Kv2.1 and AnkG is observed in images from multiple distinct microscope systems,
including a Zeiss Apotome structured illumination system (Fig. 2G,H,M,N), an Olympus
scanning laser confocal microscope (Fig. 21,J,0,P), and a Nikon N-SIM structured
illumination system (Fig. 2K,L,Q,R). The histograms of line scans through the magnified
insets in Fig. 2 highlight that the maxima of Kv2.1 labeling (green) are primarily located at/
near the minima of AnkG labeling (red). Thus, the presence of Kv2.1 clusters at sites
deficient in AnkG labeling is independent of the imaging technique used, and is not an
artifact of imaging.

The observation that Kv2.1 clusters are primarily located at sites on the AIS lacking
prominent AnkG labeling led us to question whether the Kv2.1 clusters themselves were

J Comp Neurol. Author manuscript; available in PMC 2015 August 01.
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instructive in generating and/or maintaining this discontinuous distribution of AnkG.
However, as shown in Fig. 1D, the non-uniform distribution of AnkG seen in brain sections
from rats (Fig. 2) and WT mice (Fig. 1B-C) is also seen in brain sections from WT and
Kv2.17~ mouse littermates (Fig. 1D). This demonstrates that the presence of clustered Kv2.1
is not necessary for generating and maintaining AnkG-deficient sites on the AlS.

The localization of Kv2.1 at AnkG-deficient sites on the AIS is seen in different brain

regions

We next determined whether the contrasting localization of Kv2.1 and AnkG observed in
neocortical neurons is seen in other neurons in rat brain. In CA1 pyramidal neurons, we
observe small clusters of Kv2.1 (green), primarily at AnkG (red)-deficient sites along the
AIS (Fig. 3A,H). Kv2.1 is expressed in both parvalbumin-positive and parvalbumin-
negative interneurons in hippocampus (Du et al., 1998). We find Kv2.1 predominantly at
AnkG-deficient sites on the AIS of both classes of interneurons in stratum oriens of CAl
(Positive: Fig. 3B,l; Negative Fig. 3C,J). Dentate granule cells also express clustered Kv2.1
at AnkG-deficient sites on the AIS (Fig. 3D,K). Neurons in posterior nucleus (Fig. 3E,L)
and lateral posterior nucleus (Fig. 3F,M) of the thalamus also exhibit the mutually exclusive
localization of Kv2.1 and AnkG. Finally, medium spiny neurons, the major output neurons
of the striatum, also have clustered Kv2.1 on the AIS (Fig. 3G,N), where it is again found at
AnkG-deficient sites. Together, these findings suggest that the localization of Kv2.1 clusters
at AnkG-deficient sites on the AIS is seen on diverse rat brain neurons.

Localization of Kv2.1 to AnkG-deficient sites on the AIS is seen in diverse mammalian

species

The localization of Kv2.1 clusters at AnkG-deficient sites on the AIS in rat and mouse brain
led us to question whether this localization was specific to rodents or is present in other
mammalian species. We performed double labeling for Kv2.1 and AnkG in samples from
representatives from order Carnivora (ferret), a non-human primate (rhesus macaque
monkey), and human. Samples of ferret and macaque brain were prepared from perfusion
fixed specimens, while human samples were from fresh frozen post-mortem brains that were
sectioned and then post-fixed.

The overall localization of Kv2.1 in large clusters on neuronal somata and proximal
dendrites, as previously described in rat brain (Trimmer, 1991; Hwang et al., 1993;
Scannevin et al., 1996), is observed in these species (data not shown). Figure 4 shows
examples of the AIS of layer 5 cortical pyramidal neurons double labeled for Kv2.1 (green)
and AnkG (red). Analyses of the AIS in rat (Fig. 4A,F), ferret (Fig. 4B,G), macaque monkey
(Fig. 4C,H) and human (Fig. 4D,E,|,J) brain revealed that Kv2.1 on the AIS clusters
primarily at AnkG-deficient sites in each of these species. These data suggest a conserved
role for Kv2.1 clustering at AnkG-deficient sites on the AIS across disparate mammalian
species.

Kv2.1 clusters define a unique AlS ion channel-clustering domain

Nav and Kv1 channels are present at high levels in distinct domains in the AIS (Van Wart et
al., 2007; Lorincz and Nusser, 2008). To determine the relationship of the restricted
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subcellular distribution of AIS Kv2.1 clusters to other voltage-gated ion channels on the
AIS, we analyzed the distribution of Nav1.6 and Kv1.2 a subunits in the AIS of neocortical
pyramidal cells. Triple labeling in neocortical layer V pyramidal cells reveals intense
immunolabeling for Nav1.6 (red); this immunolabeling colocalized prominently with AnkG
(blue) in more distal portions of the AIS (Fig. 5A,B,E,F). Nav1.6 is excluded from the sites
of Kv2.1 (green) clustering, consistent with the lack of AnkG at these sites. A similar
overlapping distribution of Nav1.6 and AnkG, and their mutually exclusive relationship to
Kv2.1 clusters, is also found in hippocampal CA1 pyramidal neurons (data not shown).

Kv1 channels are also widely expressed at the AlS, where they exhibit overlap with Nav1.6
and AnkG, and are more prominent in distal than proximal regions of the AIS (Van Wart et
al., 2007; Lorincz and Nusser, 2008). We found immunolabeling for Kv1.2 (red) generally
overlapping with AnkG labeling (blue), and excluded from regions containing Kv2.1 (green)
clusters, in a pattern somewhat similar to Nav1.6((Fig. 5C,D,G,H). This mutually exclusive
distribution of Kv2.1 and Kv1 channels is also present in hippocampal CA1 pyramidal cells
(data not shown).

Kv2.1 clusters are present in proximal regions of the AIS lacking Nav1.6, and Kv1.2
labeling (Fig. 5). However, the clusters of Kv2.1 do not extend past the distal boundary of
the AnkG labeling (i.e., into the axon proper). This pattern of Kv2.1 localization along the
entire AlS, and the mutual exclusion with these other ion channels in the distal AlS, is
observed in all classes of neurons examined in rat and mouse brain. Overall, these results
suggest a mosaic of ion channel expression on the AlS, with distinct membrane subdomains
of Nav1.6 and Kv1.2, and of clustered Kv2.1.

Kv2.1 AIS clusters are located at sites near cisternal organelles

The distinctive localization of Kv2.1 clusters, and their lack of overlap with AnkG and other
voltage-gated ion channels, raised questions as to whether any other AIS proteins were
present at sites of Kv2.1 clustering. Cisternal organelles (COs) are smooth endoplasmic
reticulum that runs along the core of the axon, and that comes into close apposition to the
plasma membrane at specific AlS sites (Benedeczky et al., 1994). Triple immunolabeling of
rat neocortical layer 5 pyramidal cells for Kv2.1 (green), AnkG (blue) and the cisternal
organelle (CO) marker synaptopodin (red) (Bas Orth et al., 2007) revealed that Kv2.1
clusters were consistently localized adjacent to, but not overlapping with, synaptopodin
clusters (Fig. 6A,G). Triple immunolabeling for Kv2.1, AnkG and ryanodine receptors
(RyR, red), an intracellular calcium release channel in the CO membrane, showed a similar
relationship (Fig. 6B,H). COs contain a set of actin-associated cytoskeletal elements,
including the actin binding protein a-actinin. Puncta of a-actinin (red) are also found
adjacent to, but not overlapping with, Kv2.1 clusters (green) at AlS sites deficient in AnkG
(Fig. 6C,I). This is consistent with the previously described colocalization of synaptopodin
and a-actinin within the AIS of neocortical neurons (Sanchez-Ponce et al., 2012). Patches of
F-actin are also present on the AIS (Watanabe et al., 2012), and we found (Fig. 6D,J) that
clusters of Kv2.1 (green) are often found adjacent to these F-actin patches (red).

As expected for a plasma membrane ion channel, the clusters of Kv2.1 do not completely
overlap the high-density puncta of intracellular synaptopodin and RyR, or a-actinin and F-
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actin patches. Moreover, synaptopodin and a-actinin clusters often appear rod-shaped and
more elongated than do Kv2.1 clusters. In some cases, two distinct Kv2.1 clusters localize to
one a-actinin or synaptopodin cluster. Given the relationship of clusters of Kv2.1 and COs,
we next determined whether the presence of Kv2.1 clusters was required for the generation
and maintenance of the specific sites where the cisternal organelles come into close
apposition to the plasma membrane. We compared labeling for synaptopodin (Fig. 6) in WT
mice (Fig. 6E,K), and in their Kv2.17" littermates (Fig. 6F,L), and found no obvious
difference in expression and localization of synaptopodin or any of the other CO markers
examined here (data not shown). This suggests that the presence of Kv2.1 clusters at these
sites is not necessary for directing the localization of COs.

Kv2.1 clusters on the AIS are located near GABA-A synapses

We next used triple labeling to determine whether Kv2.1 clusters were located near GABA-
A receptor containing synapses on the AIS. We found that punctate labeling for postsynaptic
al (Fig. 7A,F), B1 (Fig. 7B,G), and 3 (Fig. 7C,H) GABA-A receptor subunits (red) on the
AIS (as marked by blue AnkG labeling) was often found clustered near Kv2.1 (green)
clusters. The GABA-A receptor scaffolding protein gephryin (red) was also found adjacent
to, but not colocalized with, Kv2.1 (green) clusters, near the edges of the AnkG-deficient
regions of the AIS (Fig. 7D,I). Note that the labeling for the smaller GABA-A receptor
subunit and gephyrin puncta was often adjacent to, but not colocalized with, labeling for the
larger Kv2.1 clusters. In contrast to Kv2.1 labeling, which was centrally localized at AnkG
deficient sites or holes, labeling for the postsynaptic components of the GABA-A synapses
are primarily located at the periphery of the AnkG (blue) holes (Fig. 7). Labeling for VGAT
(red), a marker for GABAergic presynaptic terminals, was also found associated with Kv2.1
(green) clusters (Fig. 7E,J). However, VGAT labeling was superficial to and did not overlap
the Kv2.1 labeling on the AIS itself, as expected for nerve endings displaced physically
opposed to their postsynaptic targets.

AIS and somatodendritic Kv2.1 exhibit distinct patterns of phosphorylation and clustering

regulation

We used labeling with a phosphospecific antibody against the pS603 phosphorylation site of
Kv2.1 (red) to gain insights into the phosphorylation state of the subpopulation of Kv2.1
(green) on the AIS (marked by AnkG in blue) relative to the more prominent
somatodendritic pool of Kv2.1. As shown in Fig. 8, the subpopulation of Kv2.1 on the
proximal AIS in control animals (top arrows in Fig. 8 panels F,G,I; panels K, L, N) exhibits
a pattern of phosphorylation broadly similar to the somatodendritic pool. However, the
clusters of Kv2.1 on the more distal portions of the AIS (bottom arrows in Fig. 8 panels
F,G,I; panels P,Q,S) did not exhibit phosphospecific antibody labeling. This suggests that,
similar to the differences in the expression pattern of other AlS ion channels (e.g., the
Nav1.6 and Kv1.2 labeling shown in Fig. 5), the proximal and distal regions of AIS are also
distinct in maintaining Kv2.1 in distinct phosphorylation states.

We next determined how phosphorylation of the pool of Kv2.1 on the AIS was regulated by
two stimuli known to trigger dephosphorylation of somatodendritic Kv2.1: status epilepticus
induced by systemic exposure to kainate (Misonou et al., 2004; Misonou et al., 2006), and
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brief CO, exposure (Misonou et al., 2005), which induces effects on Kv2.1 phosphorylation
similar to other models of hypoxia (Misonou et al., 2005; Ito et al., 2010). We observe a loss
of phosphospecific antibody labeling of both the somatic and proximal AIS Kv2.1 in
animals subjected to these treatments (Fig. 8, kainate: panels C,H,M,R; CO,: panels
E,J,0,T). However, in neurons in which the somatodendritic Kv2.1 pool has lost its
clustering in response to these stimuli, Kv2.1 on the AIS remains clustered (Fig. 8). These
data suggest the presence of diverse patterns of phosphorylation-dependent regulation of
Kv2.1 in distinct neuronal compartments, and between the proximal and distal subdomains
of the AIS.

Discussion

Here we show that Kv2.1 clusters are present on the AlS at sites deficient in AnkG in
diverse neuronal types within rat brain, and across diverse mammalian species. We also
show that the sites of Kv2.1 clustering contain an array of proteins involved in diverse
neuronal signaling pathways, and that the Kv2.1 clustered at these unique AlS sites exhibits
spatially distinct patterns of phosphorylation.

AnNKG is the master organizer of the AIS (Hedstrom et al., 2008; Sobotzik et al., 2009;
Galiano et al., 2012), and through direct binding plays a crucial role in clustering specific
AIS ion channels, including Nav channels (Jenkins and Bennett, 2001; Brachet et al., 2010)
and Kv7 potassium channels (Pan et al., 2006; Rasmussen et al., 2007), which contain
specific AnkG binding motifs (Garrido et al., 2003; Lemaillet et al., 2003). Here we define
an AnkG-deficient subdomain of the AIS that is the site of Kv2.1 clustering, and is enriched
in components of COs and GABAergic synapses (Fig. 9). AnkG-deficient sites in the AIS
are apparent in published images [e.g., (Xiao et al., 2013)] but a specific association of these
sites with other elements of the AlS, including specific ion channels and signaling
molecules, has not been elucidated. We speculate that the gaps in the dense AnkG-spectrin-
actin scaffolding system at these AnkG-deficient sites are needed to accommaodate the high
density of protein complexes containing plasma Kv2.1 channels, GABA-A receptor-
containing synapses, and to allow the intracellular membranes associated with the CO to
come in close apposition to the plasma membrane (Fig. 9). The sites of Kv2.1 clustering on
the AIS may be related to the membrane subdomain bounded by an actin-associated
perimeter fence that has been proposed to contribute to Kv2.1 clustering (O'Connell et al.,
2006; Tamkun et al., 2007).

Previous studies have revealed that the canonical AnkG-based ion channel clustering system
appeared early in chordate evolution (Hill et al., 2008). The AnkG-based ion channel
clustering system for Nav channels is present in the lamprey (Hill et al., 2008), separated
from the human lineage by ~535 million years (Hedges et al., 2006). Other components of
the AIS ion channel repertoire anchored by AnkG, such as Kv7 channels, appeared later in
evolution (Hill et al., 2008). Here we show that the presence of Kv2.1 clusters at AnkG-
deficient sites on the AIS is highly conserved across diverse mammalian species that
together represent 94 million years of evolutionary divergence (Hedges et al., 2006).
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Specific voltage-gated ion channels exhibit compartmentalized expression in distinct
microdomains within the AIS. Studies on the AIS of retinal ganglion cells revealed that
Nav1.1 and Nav1.6 were preferentially localized to proximal and distal regions of the AlS,
respectively (Van Wart et al., 2007). Subsequent studies revealed that distinct types of
mammalian brain neurons exhibit diversity in the molecular composition of the ion channel
repertoire in the AIS, including expression of Nav1.1 or Nav1.2 as the predominant
proximal AIS Nav isoforms, and Nav1.6 as the distal isoform (Lorincz and Nusser, 2008;
Hu et al., 2009; Duflocq et al., 2011). Kv channels also exhibit distinct localization within
the AIS, with Kv7 channels located in the proximal AIS (Klinger et al., 2011), and Kv1
channels at the distal AIS (Van Wart et al., 2007; Lorincz and Nusser, 2008; Ogawa et al.,
2008). The highly organized patterns of expression of specific ion channels in subdomains
of the AIS underlies the specific properties of action potential initiation (Kole and Stuart,
2012).

While the proximal and distal populations of Kv2.1 exhibit similar properties in their
association with components of COs and GABA-A receptor macromolecular assemblies at
these AnkG-deficient sites in layer 5 neocortical pyramidal neurons, these Kv2.1
populations differ in regulation of their phosphorylation state. For at least one
phosphorylation site (S603) that has been shown to impact Kv2.1 function (Misonou et al.,
2006; Park et al., 2006), the proximal Kv2.1 clusters are maintained in a phosphorylation
state similar to that observed on the soma and proximal dendrites, while those on the distal
AIS are maintained in distinct state. While the phosphorylation state of somatodendritic
Kv2.1, and of the Kv2.1 on the proximal AlS, are coordinately regulated in an activity-
dependent manner in response to acute seizures and hypoxia, the clustering of Kv2.1 is not,
suggesting that phosphorylation-dependent regulation of Kv2.1 clustering and gating is also
distinct between the somatodendritic compartment and the AlS.

The localization of Kv2.1 near sites of intracellular calcium release from COs is intriguing,
given that the Ca%*/calmodulin-dependent protein phosphatase calcineurin plays a key role
in the activity-dependent regulation of Kv2.1 phosphorylation state (Misonou et al., 2004;
Misonou et al., 2006; Park et al., 2006). Recent studies in cultured dentate granule cells
revealed that while calcineurin is not enriched in the AlS, it plays a critical role in activity-
dependent changes in the location of the AlS (Evans et al., 2013). The Ca2*-dependent
protease calpain mediates disruption of the AIS following brain injury (Schafer et al., 2009).
The source of Ca2* in these events that modify AIS structure is not known. However, the
localization of Kv2.1 and GABA-A receptors, which are modulated by Ca?*-dependent
signaling pathways acting through CamKI1 (Saliba et al., 2012) and calcineurin (Dacher et
al., 2013), near sites of intracellular Ca?* release on the AIS provides a possible machinery
for their efficient modulation. Kv2.1 is located near structures analogous to the CO on the
somatodendritic domain of hippocampal CA1 pyramidal neurons (Du et al., 1998), and
knockdown of Kv2.1 leads to altered Ca?* signaling in these cells (Du et al., 2000). As such
it is possible that the localization of Kv2.1 on the AIS at sites adjacent to COs may
reciprocally impact Ca2* signaling in these domains, through local effects on membrane
potential and plasma membrane Ca2* entry pathways. Elements of the CO are also
associated with the spine apparatus of dendritic spines. Proteins associated with the CO,
especially synaptopodin (Vlachos et al., 2009; Vlachos et al., 2013; Zhang et al., 2013), are
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crucial to the formation of the spine apparatus (Deller et al., 2003) and to the RyR-mediated
intracellular Ca%* release that underlies certain forms of synaptic potentiation (Bardo et al.,
2006; Deller et al., 2007). We speculate that the CO may play an analogous role in Ca2*-
dependent plasticity of the AlS, including through Ca2*/calcineurin-dependent modulation
of Kv2.1.

Previous immunogold electron microscopy labeling of Kv2.1 on somata of CA1 pyramidal
neurons established that Kv2.1 clusters are also located near symmetrical (i.e., GABAergic)
synapses (Du et al., 1998). The Kv2.1 gold particles were not found within the synapse
itself, but were found to flank the faint PSD. The light microscopic multiple labeling
presented here reveals that Kv2.1 has a somewhat similar relationship with the axo-axonal
GABAergic synapses present on the AlS, in that Kv2.1 labeling is found adjacent to, but not
overlapping with, labeling for GABA-A receptor subunits and gephyrin on the AlS. In
general, the Kv2.1 clusters appear to be more central to the AnkG “holes”, while the GABA-
A receptor subunits and gephyrin are located more at the periphery of the holes (Fig. 9).
This suggests that while the functions of the axo-somatic and axo-axonal GABAergic
synapses may differ, and the inhibitory neurons that project onto these sites differ [e.g., in
neocortical pyramidal neurons, basket cells target the somata, and Chandelier cells the AlS;
reviewed in (Woodruff et al., 2010)], the requirement for nearby Kv2.1 channels is shared.
GABAergic synapses on the AIS have been proposed to be excitatory (Szabadics et al.,
2006; Khirug et al., 2008). It is intriguing to speculate that Kv2.1 channels adjacent to these
GABAergic synapses may mediate repolarization subsequent to an excitatory synaptic
event, somewhat analogous to the coordinated action of excitatory Nav channels and
inhibitory/repolarizing Kv1 and Kv7 channels in AnkG-rich domains of the AlS.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Kv2.1 is localized on the AlS of mouse neocortical neurons. A-D: Mouse brain sections

double immunofluorescence labeled for Kv2.1 (green) and AnkG (red). Panels E-H are 2X-
magnified images of boxed regions on panels A-D, respectively. Panels AC: WT mouse
brain section. Arrows in panels E-G correspond to same locations on each panel. A: Images
of Kv2.1 labeling alone. Note prominent localization of Kv2.1 in large clusters on neuronal
somata and proximal dendrites. B: Images of double immunofluorescence labeling for Kv2.1
(red) and AnkG. Note prominent clustered localization of Kv2.1 clusters on the AIS
(arrows) as revealed by the AnkG labeling. C: Images of AnkG labeling alone. Note that the
sites of Kv2.1 clustering on the AIS (arrows) seen in panels A and B occur at sites deficient
in AnkG. D: Kv2.17- mouse brain section. Note lack of Kv2.1 labeling in Kv2.17- brain, and
persistence of AnkG-deficient sites on the AIS (arrows). Scale bar on panel B for panels A-
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D: 10 pm; scale bar on panel F for panels E-H: 5 um (2X magnified). All images were
obtained using Apotome structured illumination microscopy. A magenta-green version of
this figure is available online as Supplementary Figure 1.
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Figure 2.
Kv2.1 is localized at AnkG-deficient sites on the AIS of rat layer 5 neocortical pyramidal

neurons. Rat brain sections double immunofluorescence labeled for Kv2.1 (green) and
AnkG (red). A-F: Images obtained with a Zeiss Elyra super resolution microscope, showing
two examples (A-C and D-F) of double labeling (A,D), and the AnkG (B,E) and Kv2.1

(C,F) signals alone. Arrows in panels correspond to same locations on each panel. G-R:
Images showing double labeling (G,1,K), and the AnkG signal alone (H,J,L). G,H: Images
obtained with a Zeiss Apotome microscope. I,J: Images obtained with an Olympus confocal
microscope. K,L: Images obtained with a Nikon N-SIM microscope. Panels below M-R are
4X-magnified images of the area shown in the boxes in panels G-L above. Graphs below
panels M-R are histograms of fluorescence intensity across the line drawn on each panel.
Scale bar on panel D for panels A-F: 2 um. Scale bar on panel H for panels G-L: 5 um. Scale
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bar on panel H for panels G,H, on panel J for panels 1,J, on panel L for panels K,L; on panel
N for panels M,N, on panel P for panels O,P, and on panel R for panels Q,R: 1.25 um. A
magenta-green version of this figure is available online as Supplementary Figure 2.
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Figure 3.
Kv2.1 is localized at AnkG-deficient sites on the AIS of neurons in different regions of rat

brain. Rat brain sections double immunofluorescence labeled for Kv2.1 (green) and AnkG
(red). Images were obtained from neurons in different brain regions. A-D, H-K:
hippocampus. A,H: CAl pyramidal neurons; B,l: a parvalbumin-negative interneuron in
stratum oriens of CAL; C,J: a parvalbumin-positive interneuron in stratum oriens of CA1,;
D,K: dentate granule cells. E,F,L,M: thalamus. E,L: a neuron in the posterior nucleus; F,M:
a neuron in the lateral posterior nucleus. G,N: a medium spiny neuron in the striatum.
Arrows in panels correspond to the location of the midpoint of the 4X enlarged insets in
panels H-N. Graphs below panels H-N are histograms of fluorescence intensity across the
line drawn on each panel. Scale bar on panel A for panels A-G: 5 um; Scale bar on panel H
for panels H-N: 1 um (4X magnified). All images were obtained using Apotome structured
illumination microscopy. A magenta-green version of this figure is available online as
Supplementary Figure 3.
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Figure4.
Kv2.1 is localized at AnkG-deficient sites on the AIS of layer 5 neocortical pyramidal

neurons in different mammalian species. Sections double immunofluorescence labeled for
Kv2.1 (green) and AnkG (red). Images were obtained from neocortical neurons in the brains
of different mammalian species: A,F: rat; B,G: ferret; C,H: monkey; D,E,I,J: human. Arrows
in panels A-E correspond to the location of the midpoint of the 4X enlarged insets shown as
panels F-J, respectively. Graphs below panels F-J are histograms of fluorescence intensity
across the line drawn on each panel. Scale bar on panel E for panels A-E: 5 um; Scale bar on
panel J for panels F-J: 1 um (4X magnified). All images were obtained using Apotome
structured illumination microscopy. A magenta-green version of this figure is available
online as Supplementary Figure 4.
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Figureb5.
Kv2.1 localization relative to other voltage-gated ion channels on the AIS of layer 5

neocortical pyramidal neurons. Triple immunofluorescence labeling for Kv2.1 (green),
AnkG (blue) and in red, either Nav1.6 (A,B,E,F) or Kv1.2 (C,D,G,H). Panels A,C,E,G were
obtained using Apotome structured illumination microscopy, panels B,D,F,H were obtained
using N-Sim super resolution structured illumination microscopy. Arrows in panels A-D
correspond to the location of the midpoint of the 4X enlarged insets in panels E-H,
respectively. Note that the bright spot in the Nav1.6 panel A just below the arrow is likely a
node of Ranvier of a myelinated axon. Graphs below magnified insets E-H are histograms of
fluorescence intensity across the line drawn on each panel. Scale bar on panel A for panels
A-D: 5 pm; Scale bar on panel E for panels E-H: 1 um (4X magnified).
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Figure®6.
Kv2.1 is localized adjacent to components of the cisternal organelle (CO) complex on the

AIS of layer 5 neocortical pyramidal neurons. Triple immunofluorescence labeling for
Kv2.1 (green), AnkG (blue) and in red, components of the CO complex. All panels are from
rat neocortex with the exception of panels E, F, K, L, which are from neocortex of wild-type
(E,K) and Kv2.17~ (F, L) mouse littermates. A,G, E-L: synaptopodin; B,H: ryanodine
receptor intracellular calcium release channel; C,I: a-actinin; D,J: F-actin. Arrows in panels
A-F correspond to the location of the midpoint of the 4X enlarged insets in panels G-L.
Graphs below magnified insets are histograms of fluorescence intensity across the line
drawn on each panel G-L. Scale bar on panel C for panels A-F: 5 um; Scale bar on panel |
for panels G-L: 1 ym (4X magnified). All images were obtained using Apotome structured
illumination microscopy.
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Figure?7.
Kv2.1 is localized adjacent to components of GABA-A receptor complexes on the AIS of rat

layer 5 neocortical pyramidal neurons. Triple immunofluorescence labeling for Kv2.1
(green), AnkG (blue) and in red, components of GABA-A receptor synapses. A,F: al
subunit; B,G: B1 subunit; C,H: 83 subunit; D,I: gephyrin; E,J: vesicular GABA transporter.
Arrows in panels A-E correspond to the location of the midpoint of the 4X enlarged insets in
panels F-J, respectively. Graphs below magnified insets are histograms of fluorescence
intensity across the line drawn on each panel F-L. Scale bars: Scale bar on panel E for
panels A-E: 5 um; Scale bar on panel J for panels F-J: 1 um (4X magnified). All images
were obtained using Apotome structured illumination microscopy.
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Figure8.
Kv2.1 phosphorylation state differs on the proximal and distal AlS of rat layer 5 neocortical

pyramidal neurons. Triple immunofluorescence labeling for Kv2.1 (green), AnkG (blue) and
in red, Kv2.1 phosphorylated at S603. Sections were prepared from either saline injected
rats (panels A,F,K,P and panels B,G,L,Q), or from rats subjected to seizures in response to
kainate injection (C,H,M,R). Alternatively, sections were prepared from control rats
(D,I,N,S), or rats subjected to brief CO»-induced hypoxia (E,J,O,T). Panels A-E are low
magnification (4X reduced) images of somata corresponding to the AIS shown below.
Arrows in panels F-J correspond to the location of the midpoint of the 4X enlarged insets in
panels K-T, taken from proximal (panels K-O) or distal (panels P-T) regions of the AlS.
Graphs below magnified insets are histograms of fluorescence intensity across the line
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drawn on each panel. Scale bar on panel C for panels A-E, and on panel H for panels F-J: 5
um; Scale bar on panel M for panels K-T: 1 um (4X magnified). All images were obtained
using Apotome structured illumination microscopy.
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Figure9.
Schematic of components of AnkG-deficient sites on the AIS. Components identified in this

study as exhibiting localization at AnkG-deficient sites on the AIS. AA: a-actinin; CO;
cisternal organelle; FA: F-actin; G: gephyrin; GR: GABA-A receptor; Nav: Nav channel;
RyR: ryanodine receptor; SP: synaptopodin.
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