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Differential subcellular distribution of ion channels and the
diversity of neuronal function
Zoltan Nusser

Following the astonishing molecular diversity of voltage-gated

ion channels that was revealed in the past few decades, the ion

channel repertoire expressed by neurons has been implicated

as the major factor governing their functional heterogeneity.

Although the molecular structure of ion channels is a key

determinant of their biophysical properties, their subcellular

distribution and densities on the surface of nerve cells are just

as important for fulfilling functional requirements. Recent

results obtained with high resolution quantitative localization

techniques revealed complex, subcellular compartment-

specific distribution patterns of distinct ion channels. Here I

suggest that within a given neuron type every ion channel has a

unique cell surface distribution pattern, with the functional

consequence that this dramatically increases the

computational power of nerve cells.
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Introduction
Morphologically, neurons are the most complex cells of

our body; the total length of their neurites might exceed

hundreds of thousands of micrometers, and can contain

thousands of branch points, axon terminals and dendritic

spines. This morphological complexity of axonal and

dendritic arbors has fascinated neuroscientists for more

than a century, and has been the main tool for categoriz-

ing neuron types and predicting their presynaptic and

postsynaptic elements within the neural circuit [1]. In the

1890s Ramon y Cajal formulated the Law of Dynamic
Polarization, which states that a neuron receives signals

at its dendrites and cell body, and transmits them along

the axon away from the cell body. Although we now know

that the Law of Dynamic Polarization does not hold true for

all neurons under all conditions (i.e. backpropagating

action potentials into the dendrites, retrograde signaling

from soma/dendrite to the axon), the recognition of

different functional roles of dendrites and axons was a

major advancement in the history of neuroscience. In

order to serve distinct functions, the molecular compo-

sition of the dendrites must be different from that of the

axons. As the major site of protein synthesis is the soma,

this necessitates the selective and appropriate transpor-

tation of somatically synthesized proteins into axons and

dendrites. Selective sorting of plasma membrane proteins

has been observed in many epithelial cells of luminar

organs, resulting in a polarized distribution of proteins [2].

Analogous to this, nerve cells have often been considered

as simple polarized cells, where axons and somata/den-

drites represent the basolateral and apical domains,

respectively. According to such a scheme, an expressed

protein could take up any of the following three distri-

bution patterns: 1) somato-dendritic, 2) axonal and 3) axo-

somato-dendritic. This view predicts that because nerve

cells express hundreds of distinct cell surface proteins,

many of them must have the same distribution pattern.

In theory, the subcellular distribution of a protein can be

described as a function of its ‘presence’ or ‘absence’ in

each functionally relevant subcellular compartment of the

cell. Thus, if a nerve cell contained more functionally

relevant subcellular compartments than just the ‘axon’

and ‘somata/dendrites’, the total number of distinct distri-

bution patterns would increase. If, for example, nerve

cells had 5 functionally distinct subcellular compartments

(e.g. 1: axon terminals, 2: axon initial segment (AIS), 3:

soma, 4: dendritic shafts, 5: dendritic spines), ion channels

could have 31 distinct subcellular distribution patterns.

This calculation assumes either the ‘presence’ or

‘absence’ of a protein in either of these compartments.

If, however, the protein could be ‘absent’, ‘present at low

density’ or ‘present at high density’, the total number of

distribution patterns would increase to 242. Most nerve

cells with complex axonal and dendritic morphologies

contain many more functionally relevant compartments

than the two or five mentioned above. Functional studies

demonstrated that hippocampal pyramidal cells (PCs)

contain around two dozen relevant compartments, in-

cluding presynaptic active zones; non-synaptic axon term-

inals; pre-terminal axons; nodes of Ranvier; AISs; somata;

basal dendritic shafts and spines; main apical dendrites,

oblique dendrites and dendritic spines in the proximal

and distal stratum radiatum; dendritic shafts and spines in

the stratum lacunosum-moleculare; excitatory postsyn-

aptic densities to Schaffer collaterals and to the perforant
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path; inhibitory postsynaptic densities to many distinct

GABAergic interneurons. It is easy to conceive that the

total number of permutations, even if we only consider

the binary ‘presence’ or ‘absence’ of an ion channel in

each of these compartments, exceeds the total number of

genes of our body. Thus, in theory, each cell surface

protein could have a unique subcellular distribution pat-

tern on the surface of a nerve cell.

Techniques for studying the subcellular
distribution of ion channels
Almost two decades ago, Stuart et al. [3�] developed the

method of patch-pipette recording from small subcellular

compartments, including the axon initial segment and

apical dendrites of PCs. Since then, a large body of

experimental data have been obtained with this tech-

nique, revealing the densities of distinct ligand-gated and

voltage-gated ionic currents in a number of different

subcellular compartments of many cell types (reviewed

by [4–7]). A great advantage of patch-pipette recordings

concerning the subcellular distribution of ion channels is

that it provides information about the functional state of

the channels. However, it allows the investigation of ion

channels only in relatively large subcellular compart-

ments such as somata, AISs, main apical dendrites and

large axon terminals, but not in, for example, small axon

terminals or dendritic spines. In addition, it provides no

information regarding the molecular nature (i.e. subunit

composition) of the studied channels. Immunohisto-

chemistry with subunit specific antibodies seems an ideal

complementary technique in studying the subcellular

distribution of ion channels. When the reactions are

examined at the electron microscopic level, immunogold

techniques have a resolution of �25 nm, allowing the

quantitative comparisons of the ion channel content of

the smallest subcellular compartments (e.g. presynaptic

active zones and postsynaptic densities, which are typi-

cally 100–500 nm in diameter). In theory, every ion

channel subtype, even different spliced variants and

phosphorylated/non-phosphorylated forms, can be stu-

died using immunohistochemistry. In practice, our choice

is limited by the availability of appropriate antibodies.

This raises the fundamental issue in immunohistochem-

istry of how does an investigator know that the immu-

nostaining pattern obtained with an antibody is due to a

specific antibody–antigen interaction? In other words,

how should the specificity of an immunoreaction be

tested? A consensus has emerged in this field that there

are two appropriate ways of controlling the specificity of

the immunoreactions [8–10]: 1) using two (or more)

antibodies against different parts of the same protein

and testing whether the two antibodies provide an iden-

tical staining pattern or not. 2) Alternatively, the lack of

immunolabeling in brain tissue in which the protein of

interest is specifically missing (knockout animals) could

also provide evidence for the specificity of immunolabel-

ing. In the following paragraphs, I shall review recent

immunolocalization experiments in which the specificity of
the immunoreaction had been proven with either of the above
mentioned methods. I shall focus on ion channels in hippo-

campal CA1 PCs because this cell type has been the

subject of many functional, structural and molecular

investigations. First, I shall concentrate on ion channels

that are apparently present only on the somato-dendritic

domain of CA1 PCs to see whether they have the same

distribution pattern when examined quantitatively at

high resolution, and then I shall turn to ion channels

with a predominantly axonal location.

Unique distribution patterns of distinct ion
channel subunits in CA1 PCs
More than a decade ago, Magee [11��] performed den-

dritic patch-pipette recordings and found an increase in

the density of hyperpolarization activated mixed cation

current (Ih) along the proximo-distal axis of the apical

dendrites of CA1 PCs. Because Ih is mediated by HCN1/2

subunits in CA1 PCs, we investigated the subcellular

distribution of HCN1 using a preembedding EM immu-

nogold technique [12] with special reference to its

relative densities in proximal and distal dendritic shafts

and spines. Our results revealed a distance-dependent

increase in the density of HCN1 in hippocampal PC

apical dendrites consistent with the results of electro-

physiological recordings. The marked increase in the

density of immunogold particles labeling HCN1 along

the main apical dendrites matches the increasing inten-

sity of HCN1 immunoreactivity in the CA1 area as

detected with light microscopic (LM) immunofluorescent

techniques [12–14] (Figure 1). In addition, we have found

that the density of HCN1 was two-fold to three-fold lower

in dendritic spines than in shafts when examined at the

same average distance from the soma. No immunosignal

could be detected in presynaptic axon terminals of PCs.

The high density of Ih in distal dendrites plays prominent

roles in shaping the time course of EPSPs and making

EPSP summation location-independent [4–6]. The local

modification of Ih around excitatory synapses parallels

long-term alterations in their synaptic strengths [7].

By performing somatic and dendritic cell-attached record-

ings from hippocampal CA1 PCs Hoffman et al. [15��]
found that the density of transient or A-type K+ current

(IA) increases quasi-linearly within the first 350 mm seg-

ment of the apical dendrites, resulting in an approxi-

mately 6-fold increase from proximal to distal

dendrites. This pattern was very similar to that found

by Magee for Ih. Using Kv4.2�/� mice, Chen et al. [16]

demonstrated that in CA1 PCs dendritic IA is exclusively

mediated by the Kv4.2 subunit. This is consistent with

the results of LM immunohistochemical studies revealing

strong Kv4.2 immunosignal in the dendritic layers of the

CA1 area [9,17–20] (Figure 1). Because the density of IA

in small subcellular compartments, such as axon term-

inals, small diameter oblique dendrites and dendritic
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spines remained unknown, we addressed how the Kv4.2

subunit is distributed on the surface of CA1 PCs [21]. To

achieve this, we applied a highly sensitive, high-resol-

ution EM immunogold localization technique called

SDS-digested freeze-fracture replica-labeling (SDS-

FRL; [22�,23�,24]; Figure 2). Despite the similar change

in the density of Ih and IA in the apical dendrites of CA1

PCs, the density of the Kv4.2 subunit showed only a

moderate (70%) increase within the stratum radiatum and

then decreased in the stratum lacunosum-moleculare.

There was another marked difference between the distri-

bution of the Kv4.2 and HCN1 subunits; the density of

Kv4.2 was higher in dendritic spines than in shafts at the

same distance from the soma. No specific labeling could

be detected for Kv4.2 in axon terminals, similar to HCN1.

Although these two ion channel subunits are exclusively

found in the somato-dendritic domain in CA1 PCs, their

precise subcellular distribution patterns are different. In

parallel with the differences in the distribution of HCN1

and Kv4.2 in CA1 PCs, their functional roles in dendritic

integration and output generation are also dissimilar.

While Ih plays a role in shaping the waveform of EPSPs,

their temporal summation and limiting the impact of both

excitatory and inhibitory synaptic inputs, IA is more

important in controlling dendritic electrogenesis and

the extent of dendritic backpropagation of axonally

generated Na+ action potentials [4–6,15��]. Despite the

nice correlation between distinct fine scale distribution

and function of these two dendritic ion channels, it will

remain to be seen whether there is a causal relationship

between them. It should be also noted that the increase in

the density of IA along the first 300 mm of the main apical

dendrite of CA1 PCs is much larger than that of Kv4.2,

despite the fact that this subunit mediates all IA in CA1

PC dendrites. The reason of this discrepancy is unknown,

but it is seems that a large fraction of the Kv4.2 channels

in the proximal dendrites do not conduct K+. The mech-

anism of ‘silencing’ Kv4.2 channels is unknown, but

posttranslational modifications or unique interactions

with associated proteins/auxiliary subunits might be

responsible for it. Future studies with complex molecular,

functional, imaging and anatomical approaches will be

conducted to reveal this mystery.

Using LM immunolocalization of the G-protein coupled

inwardly rectifying K+ channel subunits Kir3.1 and Kir3.2

in the hippocampal CA1 area, several papers have

reported staining patterns very similar to that of HCN1

[25–27], indicating that these ion channels might have

identical subcellular distribution on CA1 PCs. However,
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Differential distribution of three voltage-gated ion channel subunits in the CA1 pyramidal cells (PCs). Immunofluorescent reaction for HCN1, Kv4.2 and

Nav1.6 subunits are shown in the CA1 area of the rat hippocampus. The intensity of HCN1 labeling increases from the stratum pyramidale (SP) to the

stratum lacunosum-moleculare (SLM) through the stratum radiatum (SR). Immunolabeling for Kv4.2 is rather uniform within the SR, but it decreases in

intensity in SLM. The axon initial segments of the pyramidal cells show the strongest labeling for Nav1.6 subunit (strong thin elongated profiles in SP).

In addition, only very weak labeling of the proximal apical dendrites of PCs can be detected in proximal SR. (SO: stratum oriens.) Scale bar: 50 mm, all

images are at the same magnification.
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high-resolution EM SDS-FRL immunogold localization

[26] revealed major differences in the distribution of

Kir3.2 and HCN1 subunits. Immunogold particles label-

ing Kir3.2 were mainly concentrated in dendritic spine

membranes and were also present within the postsynaptic

densities of excitatory synapses, a pattern never reported

for HCN1. In addition, the Kir3.2 subunit was consist-

ently found in excitatory axon terminals, revealing

another difference in the subcellular distribution of

Kir3.2 and HCN1.

Dendritic patch-pipette recordings and Ca2+ imaging

experiments clearly demonstrated the presence of many

additional voltage-gated ion channels, including Na+, L-

type and T-type Ca2+ channels in CA1 PC apical den-

drites [4,5]. Although, L-type and T-type Ca2+ channels

might have an exclusive somato-dendritic distribution,

high-resolution quantitative immunolocalization data

are currently not available for these ion channel sub-

units. Although there is clear functional evidence that

voltage-gated Na+ channels (Nav) are present in CA1 PC

dendrites [28,29], they are also found in the axonal

compartments [30]. Because there are three Nav sub-

units expressed in adult CNS neurons, theoretically it is

possible that different Nav subunits are responsible for

the axonal and somato-dendritic Na+ currents. To

address this issue, we investigated the subcellular distri-

bution of the Nav1.1, Nav1.2 and Nav1.6 subunits in the

hippocampal CA1 area [31]. Light microscopic immuno-

fluorescence for Nav1.1 was found in GABAergic inter-

neurons axons, consistent with findings obtained in the

hippocampus and neocortex [32,33]. The Nav 1.2 sub-

unit was detected in the proximal part of the AISs as well

as in the axon terminals of PCs, a distribution very

similar to that described recently in prefrontal cortical

PCs [34]. By contrast, strong immunofluorescence for

the Nav1.6 subunit was found in the nodes of Ranvier

and AISs, and a much lower intensity of labeling in the

somata and proximal apical dendrites of CA1 PCs

(Figure 1). We then turned to SDS-FRL to quantify
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Soma Soma

Distal dendrite Kv4.2Nav1.6Distal dendrite

Nav1.6 Kv4.2

Freeze-fracture replica immunogold labeling for the Nav1.6 and Kv4.2 subunits in CA1 pyramidal cells (PCs). Upper panels demonstrate moderate

densities of immunogold particles labeling the Nav1.6 (left) and Kv4.2 (right) subunits in the somata of PCs. Lower panels illustrate immunogold

labeling of the same two subunits in distal dendrites in the outermost part of the stratum radiatum. Note the dominant drop in the immunogold density

for the Nav1.6 subunit in distal dendrites compared to the soma, in contrast to the high density of Kv4.2 labeling. Scale bars: 0.2 mm.
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the differences in the density of Nav1.6 in these distinct

subcellular compartments and to address whether they

are present in small subcellular compartments such as

axon terminals and dendritic spines. The density of gold

particles was approximately 350/mm2 in the nodes of

Ranvier and 180/mm2 in the AISs, but only 3–5 gold

particles were detected per mm2 in the somata and

proximal apical dendrites. In the main apical dendrites,

the density of Nav1.6 decreased as a function of distance

from the soma (Figure 2) and the spines remained

immunonegative, a pattern never seen before for any

previously examined ion channel. Thus, in CA1 PCs, the

somato-dendritic distribution pattern of the Nav1.6 sub-

unit is very different from those of the Kv4.2, HCN1/2

and Kir3.1/3.2 subunits.

High resolution, quantitative immunogold localization data
on hippocampal CA1 PCs are currently only available for

the ion channel subunits mentioned above. However, a

few additional ion channels have been localized with LM

immunofluorescent techniques, allowing predictions to

be made regarding their subcellular distributions. For

example, the Kv1.1 and Kv1.2 subunits have been inves-

tigated in CA1 PCs, where their enrichment in the AISs

and in the juxta-paranodal regions of the myelinated

axons was detected [35], similar to observations in other

brain regions [32,36,37]. Although these subunits can

form heterotetrameric channels with each other, their

distribution on the surface of hippocampal PCs is not

identical. Immunoreactivity of the neuropil, likely to

originate from the labeling of pre-terminal axons and/

or presynaptic axon terminals, is very intense for the

Kv1.1 subunit, but it is barely detectable for the Kv1.2

subunit [35]. Because these delayed rectifier channels

have not been localized with the highly sensitive SDS-

FRL technique, their potential somato-dendritic pre-

sence at a low density cannot be excluded. Irrespective

of that, it is already safe to conclude that these two K+

channel subunits have different axonal distributions

from that of the Nav1.2 and Nav1.6 subunits. A dominant

expression in axon terminals and/or pre-terminal axons

characterizes both the Nav1.2 and Kv1.1 subunits, but

they show segregated localizations in the AISs and nodes

of Ranvier. Similarly, although the Nav1.6 and Kv1.2

subunits have a similar localization in the AISs, they

occupy distinct spatial locations in and around the node

of Ranvier.

Conclusions
In conclusion, recent experiments using high-resolution

immunolocalization techniques revealed that all ion chan-

nels studied to date show distinct subcellular distribution

patterns on the surface of CA1 PCs. This complex ion

channel subtype-specific distribution raises many excit-

ing cell biological and neurobiological questions. It will

be interesting to see how nerve cells can achieve a unique

subcellular distribution pattern for each expressed ion

channel. It is predicted that each channel will have

multiple anchoring mechanisms, which will be differen-

tially distributed on the neuronal surface. This would

result in a combinatorial mosaic of ion channel anchoring

‘slots’, which will be appropriately filled by the expressed

ion channels. Just as important will be the understanding

of the functional consequences of both the robust and

slight differences in the distribution of distinct ion chan-

nels. For example, what are the functional consequences

of the high-density of Kir3.1/3.2 and a lower density of

HCN1/2 channels in dendritic spines compared to the

dendritic shafts? How are perforant path synaptic inputs

affected by a lower IA/Ih ratio when compared to the distal

Schaffer collaterals, which experience a higher IA/Ih local

density ratio? How does the altered Nav1.2/Nav1.6 sub-

unit ratio along the proximo-distal axis of the AIS affect

action potential initiation and propagation? The combi-

nation of state-of-the-art molecular, structural, electro-

physiological and imaging techniques will certainly

provide answers to these and many other interesting

questions.
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