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1. The list of Abbreviations

+ - positive

*-P<0.05

**-P<0.01

***-pP<0.001

aa. - amino acid

4-AP - 4-aminopyridine

AIS - axon initial segment

AMPA - a-amino-3-hydroxy-5-methyl-
4-isoxazole propionate

Ank-G - Ankyrin-G

AP - action potential
associational/commissural - A/C

AZ - active zone

BSA - bovine serum albumin

Cav - voltage gated calcium channel
CB1 - cannabinoid receptor type 1
CCK - cholecystokinin

CNS - central nervous system

D - dimensional

E-face - exoplasmic-face

Elfnl - extracellular leucine- rich repeat
fibronectin-containing protein 1

EPSC - excitatory postsynaptic current
EPSP - excitatory postsynaptic potential
GABA - y-aminobutyric acid

GAD - glutamate decarboxylase

GIuR - ionotropic glutamate receptor
HA - hemagglutinin

HCN - hyperpolarization-activated
cyclic-nucleotide-gated channels

Ia - A-type, K* current

Ip - a-dendrotoxin-sensitive delayed
rectifier current

Ik - TEA and 4-AP sensitive
dendrotoxin-insensitive delayed rectifier
current

IMP - intramembrane particle

IN - interneuron

IPSC - inhibitory postsynaptic current
IPSP - inhibitory postsynaptic potential
Kv - voltage gated potassium channel
mMGIuUR - metabotropic glutamate
receptor

Nay - voltage gated sodium channel
NGS - normal goat serum

NL-2 - Neuroligin-2

NMDA - N-methyl-D-aspartate

O-Bi cell - oriens-bistratified cell
O-LM cell - oriens-lacunosum-
moleculare cell

P-face - protoplasmic-face

PA - picric acid

PALM - photoactivation localization
microscopy

pan-NF - pan-Neurofascin

PB - phosphate buffer

PC - pyramidal cell

PFA - paraformaldehyde

PSD - postsynaptic density

Pr - release probability

PV - parvalbumin

SD - standard deviation
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SDS - sodium dodecylsulphate
SDS-FRL - sodium dodecylsulphate-
digested freeze-fracture replica labeling
SIM - structural illumination
microscopy

SL - stratum lucidum

SLM - stratum lacunosum-moleculare

SO - stratum oriens

SP - stratum pyramidale

SR - stratum radiatum

STED - stimulation emission depletion
microscopy

TBS - Tris-buffered saline

TEA - tetraethylammonium

VGAT - vesicular GABA transporter
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2. Introduction

2.1. Differential expression and subcellular distribution of ion channels underlies
functional heterogeneity

Our brain’s ability to process, store and retrieve information about the
continuously changing internal and external world, and to effectively perform widely
different functions, is supported by a remarkable diversity of its building blocks
(neurons) and an astonishingly complex dynamic connectivity (synaptic) between them.
Already at the turn of the 20" century, the pioneering work of Camillo Golgit, Santiago
Ramon’y Cajal? and Rafael Lorent de No® began to reveal the complexity and diversity
of neuronal morphology. Later on, with the development of modern molecular and
electrophysiological techniques, the molecular and functional diversity of neurons was
also recognized.

A prominent example of the molecular diversity of nerve cells is the expression
of many members of the large ion channel superfamily (e. g. more than 100 subunits of
K* channels*) with a staggering number of distinct types of ion channels in their plasma
membranes®. Among these, voltage- and ligand-gated ion channels are of particular
significance due to their powerful role in controlling the activity of neurons (Figure 1).
For example, voltage-gated ion channels (e. g. Na* (Na,), K' (Ky), Ca** (Cay)
channels)*® are responsible for the generation and propagation of action potentials
(APs)®, which are believed to be the elementary units of rapid signaling of nerve cells.
More than fifty years ago Hodgkin and Huxley demonstrated that APs arise from
subsequent changes in the membrane’s permeability to Na* and K* ions’. Later on, the
presence of ion-selective channels in neuronal membranes was proved by patch-clamp
recordings® measuring ionic currents flowing through individual ion channels®. It was
shown that ion channels present in the axon initial segment (AIS) of neurons (e.g. Nay,
Kvl-3, K7, Cay) will set the AP threshold and influence the AP generation and
propagation along the neurites'®!2, When the AP reaches the axon terminals, evokes the
release of neurotransmitter containing vesicles, which will traverse the synaptic cleft
and bind to postsynaptic ligand-gated ion channels (e. g. AMPA, NMDA, GABAA
receptors)'®'7 transferring information from the presynaptic cell to the postsynaptic

neuron. This process of synaptic transmission is governed by the activity of Cay, Ky and
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Nay channels!® present in presynaptic axon terminals. On the postsynaptic side, the
activation of ligand-gated ion channels induces local changes in the membrane potential
that spread from their site of generation towards the soma and AIS, and are modified by
dendritic ion channels (e.g. K.4.2, Cay, Nay,, and HCN channels)!®*?, It was also
demonstrated that dendritically localized voltage-gated ion channels (Nayv) support the
active ‘back-propagation’ of axonally generated APs into the dendritic tree, which will

influence synaptic transmission, strength and synaptic integration??.
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Figure 1. Subcellular compartment-specific distribution of voltage-gated ion
channels and their main functional roles in a model neuron. Canonically, excitatory
inputs (EPSPs—postsynaptic potentials; yellow boutons) activate AMPA, NMDA
receptors and evoke local depolarization. Inhibitory inputs (IPSPs—inhibitory
postsynaptic potentials; blue boutons) activate GABA type A (GABAA) receptors, and
evoke hyperpolarization. These signals spread to the soma, then to the AIS where APs
are generated, if the evoked changes in membrane potantial exceed a treshold. In
general, Nay channels and a subset of Ky channels (Kv1, K2, K\3.1b, K\7) are present
in the AIS, nodes of Ranvier, juxtaparanodes (JXPs) of adult myelinated axons where
they contribute to the AP generation and propagation. When APs invade the presynaptic
nerve terminals, activate Cay channels that increase intracellular Ca?* levels thereby
triggering neurotransmitter release. In contrast, dendritically localized Cay together with
Nay channels are involved in the generation of local dendritic APs. Dendritic Ky, Nay
and HCN channels shape the postsynaptic responses and control the backpropagation of
somatic APs. Modified from %,

Following the discovery of the astonishing molecular and functional diversity of
ion channels, it became also evident that the functional heterogeneity of neurons is the
consequence of the expression of distinct sets of ion channels. Moreover, in addition to
the molecular structure of ion channels, their precise subcellular distribution and

densities on the surface of nerve cells add another layer of complexity to their functional
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impact (reviewed e.g. in 2%). A particularly revealing example is presented by the
Ca,2.1 voltage-gated Ca*" channel subunit (P/Q-type) in cerebellar Purkinje cells®’.
Dendritically localized Ca,2.1 channels play a role in inducing dendritic spikes after
climbing fiber?® or strong parallel fiber activation®®, and in the amplification of
excitatory inputs in the distal dendrites®®. In contrast, when localized to presynaptic
axon terminals, these channels induce the Ca2?* influx necessary for neurotransmitter
release®.,

Currently it is accepted that the combinatorial effect of genetic/molecular
diversity and differential subcellular distribution of ion channels provides the basis for
the large number of functionally distinct cell types®*32. Computational modelling and
dynamic clamp studies of Ivan Soltesz and his colleagues also suggested that the
diversity of neuronal types in a network has functional relevance, as modifications in
heterogeneity influence the behavior of neuronal networks®¥¢. There is now evidence,
which indicates that altered neuronal heterogeneity is a common mechanism
contributing to various neurological (e.g. epilepsy) and psychiatric disorders (e.g.
schizophrenia)®’.

Altogether, it is no wonder that tremendous efforts have been dedicated to
identify the molecular diversity of ion channels and their expression patterns in the
mammalian brain (e.g. the Allen Brain Atlas). With the experiments presented in this
dissertation, | aimed to extend the current knowledge on ion channel distribution, and
thereby contribute to the understanding of the complex interplay of channel subtypes

underlying signal processing and computation in various neuronal circuits.

2.2. Techniques for studying the subcellular distribution of ion channels

Several approaches have been used to study the subcellular localization of ion
channels in the central nervous system (CNS). Since the development of axonal and
dendritic patch-clamp techniques®, a large amount of experimental data have been
obtained with this method, revealing the densities of several ligand- and voltage-gated
ionic currents in different subcellular compartments of many cell types®*#¢. A great
advantage of this technique is that it provides information about the functional state of
the studied channels, although the molecular structure (i.e. subunit composition) of the

channels can not be explored using patch-pipette recordings. Moreover, small axon
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terminals, dendritic spines, nodes of Ranvier are still inaccessible for patch-pipette
recordings. This is despite the fact that, in addition to relatively large subcellular
compartments such as somata, AISs?>*’, main apical dendrites®®**! and large axon
terminals (e.g. calyx of Held, mossy terminals of the CA3 region)*-°, recently this
technique has been successfully applied to investigate ion channels in small-diameter
dendrites (e.g. tuft dendrites)*® and somewhat smaller boutons as well (e.g. stellate cell
axon terminals)®3,

Immunohistochemistry with subunit specific antibodies can also be used for
studying the subcellular distribution of metabotropic and ionotropic receptors. The
fluorescent method is the most widely used immunohistochemical method, where
fluorophore-coupled secondary antibodies are used to visualize the antigen-antibody
complexes. This method has high sensitivity, allows the colocalization of multiple
proteins simultaneously; but as the reactions are analyzed with light microscopy, it has a
diffraction-limited resolution of more than 200 nm. This is in the size range of spines,
active zones (AZs) and postsynaptic densities (PSDs), rendering this method inadequate
for the subcellular localization of proteins.

Recently, fluorescence light microscopic techniques capable of nanometer-scale
resolution have been developed (stimulation emission depletion (STED), structural
illumination microscopy (SIM), single molecule localization microscopy: stochastic
optical reconstruction microscopy (STORM) and photoactivation localization
microscopy (PALM); reviewed in >%8). However, unlike electron microscopy, in case
of these techniques visualization of cellular membranes, which is particularly powerful
for identifying synapses, requires labeling with antibodies. In addition, multicolor-
imaging is still problematic.

Immunogold electron microscopy®® has a resolution of ~20-30 nm and is
indispensable for high-resolution localization and quantification of molecules. The most
widely used pre-embedding immunogold method has high sensitivity, but the
immunoreaction occurs in thick sections. As antibodies do not evenly penetrate in the
sections, quantitative comparison of the signals of profiles localized in different regions
is very difficult. Furthermore, the pre-embedding method hardly detects receptors
located within the PSD because of the penetration problem and as a result false-negative

labeling at synaptic sites is common®6l In the post-embedding method, the
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Immunoreaction occurs evenly on the surface of ultrathin sections of resin-embedded
tissue so problems of penetration are overcome. As synaptic and non-synaptic
molecules are labeled with the same sensitivity, this method is more suitable for protein
quantification®2. However, sensitivity can be rather low in that only antigen molecules
exposed on the surface of the section are accessible by antibodies®®%.

The sodium dodecylsulphate-digested freeze-fracture replica labeling (SDS-
FRL; reviewed in %%") technique overcomes the mentioned limitations of electron
microscopic techniques. The method was originally developed by Fujimoto®® to
visualize two-dimensional (2D) distribution of integral membrane proteins in cellular
membranes of rapidly frozen tissue. It is a high-resolution technique which has
exceptional sensitivity, with a labeling efficiency reportedly approaching 100% in

multiple cases®® . The technique requires the studied tissue to be rapidly frozen under

1. Freezing
2. Fracturing
Exoplasm Q:Ce
e -4 o * » S Q1S
— . S~ ‘ S
Protoplasm _.P-face

C-layer +
\ Pt-sw 3. Replication
e |

P-face E-face

4. SDS treatment 5. Immunogold labeling
A . 40 | v A
Primary Ab

Gold-conjugated
secondary Ab Au

Figure 2. llustration of the key steps of the SDS-FRL. 1. High pressure freezing of
the tissue. 2. The freeze-fracture process splits the lipid bilayer exposing the fracture
faces. Proteins in the plasma membrane are allocated onto either E-face or P-face. 3.
The specimen is evaporated by carbon—platinum—carbon. 4. The SDS treatment
removes cellular components not trapped by the replica. 5. Proteins of interest are

10



DOI:10.14753/SE.2018.2123

visualized by immunogold reactions. Ab, antibody; Au, gold; C, carbon; Pt, paltinum.
Modified from .

high pressure and then fractured at low temperatures (Figure 2). The fracturing process
is random, but the plane of the fracture often passes through the hydrophobic center of
membrane lipid bilayers, splitting them into half-membrane leaflets. The membrane half
located adjacent to the protoplasm is called protoplasmic-half, while the exposed view
of the membrane is called protoplasmic-face (P-face). The membrane half closer to the
extracellular space is called exoplasmic-half with the exposed exoplasmic-face (E-face).
Integral membrane proteins—revealed as intramembrane particles (IMPs) by freeze-
fracture process—that originally spanned the bilayer, are attached either to the E-face or
to the P-face. The exposed fracture faces then are covered by evaporating thin layers of
carbon, then platinum and again carbon to provide them stability and contrast for
electron microscopic visualization. Afterwards, the tissue beneath the replica is
dissolved with SDS, leaving only the transmembrane proteins in the membrane halves,
which can be selectively labeled in subsequent immunogold reactions. Proteins attached
to the E-face can be labeled with antibodies recognizing their extracellular domains,
whereas proteins of the P-face can be visualized with antibodies raised against
intracellular epitopes.

It is important to acknowledge that the SDS-FRL also has certain limitations’*"2.
First, identification of the different profiles based on morphological features is often
difficult. There are only a few structures recognizable based on pure morphology: e.g.
PSDs of the excitatory synapses are clearly indicated by clusters of IMPs (Figure 3B
and D) on the E-face’®”™ of replicas; gap junctions have several distinctive
morphologies in replicas such as close packed uniform 8-9 nm diameter IMPs on P-
faces and uniform 8-9 nm diameter pits on E-faces’®'®. Therefore it is frequently
necessary to label marker proteins to facilitate identification of the fractured
membranes. The availability of different sizes of gold particle conjugated to secondary
antibodies enables double- or multiple labelings of proteins in replicas. However,
multiple labeling is not without problems and should be performed with caution. If the
labeled antigens are present in the same subcellular compartment such as PSD, AZ etc.,
due to steric hindrance, it is likely that their labeling density will be lower than that

observed in single labeling experiments. The ‘mirror replica method’’® offers an

11
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alternative way to perform colocalization of multiple proteins in the same compartment.

With this method, replicas are generated from both matching sides of the fractured

Figure 3 Simultaneous detection of multiple proteins in PSDs with the ‘mirror
replica method’. (A and B) Complementary E- and P-face images of the same dendritic
membrane segment (pseudocolored lilac). The P-face of the putative IN dendrite was
labeled for PSD95 (A), whereas the E-face was double-labeled with an antibody
labeling the GluN: subunit (15 nm gold on B) and another one, which recognizes all
four subunits of GIUA receptors (10 nm gold on B). The PSD95 labeling on the P-face is
concentrated over sub-areas of the dendritic membrane that are also labeled for GluA14
and GIuN;: on the complementary E-face of the replicas. All labeling is restricted to
PSDs indicated by IMP clusters on the E-face. (C and D) High magnification view of
one of the PSDs from (A) and (B), respectively. b, bouton. Scale bars, 200 nm.

tissue surfaces, which have a corresponding E- and P-face of exactly the same
membranes. Provided suitable antibodies are available, the immunolabeling of our
proteins can be performed on separate, but complementary replicas (Figure 3). In
addition, if no antibodies are available for the identification of certain profiles or cell-
types, transgenic mice or viral vectors expressing membrane markers (e.g. membrane-
targeted green fluorescent protein or tagged channelrhodopsin; Figure 4) in cell type-
specific manner offer additional tools to facilitate identification of the fractured
membranes. Viral vectors also carry the possibility of anterograde or retrograde tracing
enabling the molecular analysis of specific inputs or outputs of specific cell

populations’.

12
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The second limitation is the consequence of the fracturing itself, which occurs
randomly. This makes it impossible to target specific cells, structures or physiologically
characterized cells, and can also lead to sampling bias, e.g. in synapse collection,
because membranes that have different curvatures fracture with different probability
(e.g. shafts versus spines)™"2,

Finally, the partition of membrane proteins with either the P-face or the E-face is
unpredictable: certain proteins are preferentially allocated, while others are allocated to
both faces, as was shown for the glutamate receptor GluD; in parallel fiber synapses of
Purkinje cells in the CB’? and for GABAA receptor y2 in perisomatic synapses of CA1
and PCs®. Therefore, the allocation of proteins to the P-face or E-face, particularly for
quantitative studies, should be carefully examined using antibodies that are reactive to

intracellular and extracellular domains’>27,

Figure 4. Example for SDS-FRL localization of a virally expressed membrane-
targeted protein. (A—C) Hemagglutinin (HA)-tagged channelrhodopsin expression was
virally transduced in mouse cortical neurons. The immunolabeling of the HA-tag was
present on putative somatic (A), dendritic (B) and axonal (C) plasma membranes. b,
bouton. Scale bars, 500 nm (A); 200 nm (B and C).

Altogether, the SDS-FRL is a high-resolution technique with exceptional
sensitivity, and limitations that can be overcome by careful and prudent design of
experiments. | adopted this technique to study the distribution of different Ky and Cay

13
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channel subunits in the hippocampal region of the rat brain to further our knowledge on
ion channel localization, which may also promote the construction of accurate neuronal

models.

2.3. Synaptic organization of the hippocampus

Already there is a large amount of data regarding the distribution of ion channels
and their functional relevance in the hippocampus, as this brain region has been the
subject of many functional, structural and molecular investigations. In modern
neuroscience, the hippocampus serves as a model for studying many key properties of
neuronal circuits and nerve cells. This is attributable to its fundamental role in some
forms of memory and learning®®?, as well as to the relatively simple laminar
organization of its neurons, coupled with highly organized laminar distribution of many
of its inputs®. Importantly, the information obtained from this brain region can be
effectively extrapolated to the anatomically and functionally far more complex
neocortex. In the following, | will provide a concise morphological and functional

overview of the hippocampus.

2.3.1. Principal cells of the hippocampus

The hippocampus (Cornu Ammonis, CA) is part of a group of structures, called
hippocampal formation, which also includes the dentate gyrus and subiculum. The
hippocampal formation has a laminar organization that arises because its principal cells
are confined to a single layer (stratum): the granule cells of the dentate gyrus are
organized into the stratum granulosum, while the pyramidal cells (PCs) of the
Ammon’s horn constitute the stratum pyramidale (SP). The hippocampus has been
divided into subregions termed CAl, CA2 and CA3 regions based on the size and
appearance of the PCs®. The layers above and below the principal cell layer contain
functionally equivalent segments of the principal as well as local interneurons (INs).
The main afferent fibers and the recurrent collaterals of principal cells are also
organized in a laminar fashion, in a way that the incoming information enters and then
leaves the hippocampal formation through a trisynaptic circuit (Figure 5). In the first
step, afferent fibers of the perforant path®8 carrying polymodal sensory information
from the entorhinal cortex synapse onto the dendrites of granule cells of the dentate

14
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gyrus. The axons of granule cells, called mossy fibers, enter the CA3 region, where they
terminate on complex spines, called thorny excrescenses, located on proximal dendrites
of PCs® in the stratum lucidum (SL). Finally, the axons of the CA3 PCs, the Schaffer
collaterals project either to ipsilateral or contralateral CA1l region, and establish
synapses on the basal and apical dendrites of CA1 PCs in the stratum oriens (SO) and
stratum radiatum (SR), respectively. The main extrinsic projections of the CA1 PCs are

to the subiculum and to the layer V of the entorhinal cortex. Later additional excitatory

PP

Figure 5. The trisynaptic circuit of the hippocampal formation. The main input of
the hippocampal formation is carried by axons of the perforant path (PP), which convey
polymodal sensory information from the entorhinal cortex (EC). Perforant path axons
form synapses on granule cells of the dentate gyrus (DG) and PCs of the hippocampus
(CA3 to CAL). Granule cells project via the mossy fibers (MF) to CA3 PCs which, in
turn, project to ipsilateral CA1l PCs via the Schaffer collaterals (SC) as well as to the
contralateral CAL region via the associational/commissural pathway (A/C). CA1 PCs
send axons to the PCs of the subiculum (Sb), which send axons back to the EC.
Adapted from University of Bristol, Centre for Synaptic Plasticity
(http://www.bristol.ac.uk/synaptic/pathways/).

pathways were described challenging this classical unidirectional trisynaptic circuit and
turn it into a complex network. For example, perforant path axon fibers, in addition to
granule cells, also contact PCs in the stratum lacunosum-moleculare (SLM) of CA1-
CA3 regions and the subiculum®. Furthermore, CA3 cells also excite each other
through an extensive recurrent network of associational/commissural (A/C) inputs
originating from CA3 PCs on both sides of the hippocampus®°. The CA3 PCs were
also shown to send back several collaterals to the dentate gyrus®, refuting the theory of

unidirectional information flow in the hippocampal formation.
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2.3.2. Glutamatergic synaptic transmission

The principal cells of the hippocampal formation, like the majority of principal
cells in the CNS, release L-glutamate as neurotransmitter®*2, Neurotransmitters are
released from vesicles at AZs of presynaptic cells, when an AP invades the axon
terminal and opens voltage gated Ca2* channels. Then, the influx of Ca?* ions activates
the closely positioned Ca?* sensors (synaptotagmins) and triggers neurotransmitter
release®

The released glutamate diffuses into the synaptic cleft and binds to postsynaptic
ionotropic receptors (GIuRs: AMPA, NMDA, and kainate receptors)!3!617 that act via
opening of an ion channel permeable to Na*, K* and Ca?*. The resulting postsynaptic
responses can be measured in the postsynaptic cell as an excitatory postsynaptic current
(EPSC) or potential (EPSP). The size and Kkinetics of these responses display
tremendous variability®® due to differences, among others, in the type of glutamate
receptors, their subunit composition, number, density and precise location in relation to
the release site (also see chapter 2.5.1.). Glutamate can also act on postsynaptic G-
protein coupled metabotropic receptors (mGIuRs)®, which have a role in tuning
postsynaptic neuronal excitability®®. Furthermore, both GluRs and mGIuRs are present
and can act presynaptically by modulating the neurotransmitter release in response to
subsequent incoming APs%"-%°,

The most widely accepted model of synaptic transmission between neurons is
the quantal model pioneered by Katz and his colleagues'®. According to this model,
neurotransmitters are released in discrete quanta in a probabilistic manner from
presynaptic axon terminals, and the efficacy of the synaptic transmission between pre-
and postsynaptic neurons is determined by the number of release sites between the pre-
and postsynaptic cells, the probability with which vesicles are released (Pr), and the size
of the postsynaptic response caused by the neurotransmitter released from a single
synaptic vesicle (termed quantal size). Many of these factors are highly variable at
hippocampal glutamatergic synapses*®-1% despite the apparent uniformity of PCs.

Moreover, synaptic efficacy or strength is not static between individual neurons,
but can dynamically change over time in an activity-dependent manner. Short-term
synaptic plasticity!®>1% represents an increase (facilitation)!%’ or decrease (depression)

in synaptic strength, which lasts from hundreds of milliseconds to seconds. In contrast,
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long-term plasticity (long-term potentiation (LTP) and long-term depression (LTD)) can
last hours, days or even years'®11% Short- and long-term plasticity not only operate on

different time-scale, but have distinct underlying mechanisms and functional relevance.

2.3.3. GABAergic cells of the hippocampus

The outlined excitatory network is precisely regulated by a rich diversity of local
INs1112 which represent 10-15%"131 of all hippocampal cells. INs traditionally have
exclusively local axonal arbor, but some of them may have extrahippocampal or
commissural projections. Most INs receive inputs from the same extrinsic afferents that
innervate their target principal cells, in turn they reduce the firing of the principal cells
in a feed-forward regulatory manner. In case of the feed-back inhibition, the INs are
activated by the recurrent collaterals of the principal cells. The weight of these two
inputs may vary significantly between distinct IN types. In contrast to the relatively
uniform principal cells, INs display great diversity'*1!>16_ Many IN classes have been
defined on the basis of morphology, physiological properties, molecular expression
profiles, and their selective innervation of distinct subcellular domains of postsynaptic
cells. In addition, these IN types show AP firing at different preferred phases of PC
activity during network oscillations in vivo'*>'?! and also in in vitro??3 preparations.
In the following, | will provide a brief description of the main morphological and
functional characteristics of hippocampal INs relevant to this dissertation.

Perisomatic-targeting INs!? consist of two non-overlapping IN subtypes, which
have different functional roles: the basket cells target the somatic and proximal dendritic
region (reviewed in 1212 while axo-axonic cells innervate the AIS of PCs!?%-13L,
Based on neurochemical content and firing properties, basket cells are divided into two
groups. One basket cell type expresses the calcium-binding protein parvalbumin
(PV)1321% and K,3.1b voltage-gated K* channel subunit®4**® and exhibits fast, non-
accommodating firing patterns'®. The other type of basket cell displays regular-firing
pattern with accommodating APs'*®. They expresses the neuropeptide cholecystokinin
(CCK)®7 as well as type 1 cannabinoid receptor (CB1) at high levels in their axons and
terminals®®. The CB; suppresses the GABA release upon activation by postsynaptically
released endocannabinoids evoked by depolarization and Ca?* entry**®°. Cell bodies of

PV-positive (PV™) are usually located within or immediately adjacent to the Sp132136.140
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while CCK-containing INs have their somata primarily in dendritic layerst®®14,
Perisomatic INs have a radial dendritic arbor, usually spreading over all layers of the
hippocampus, indicating that they might participate both in feed-forward and feed-back
inhibitory circuits. Recently, it was shown that PV* basket cells confer preferential
inhibition to PCs with distinct sublayer positions and long-distance targets, while CCK *
basket cells do not show any selectivity between PC subpopulations'®?. While it is clear
that basket cells inhibit their target neurons, the discharges of axo-axonic cells, in
addition to their usual inhibitory effect'®®, can also excite PCs under certain
circumstances'#*. Axo-axonic cells also express PV and K,3 channelst3*13°,

Several types of INs innervating the dendritic domain of PCs have been
described. Among these, the oriens-lacunosum-moleculare (O-LM) cells of the CAl
area have their somata, horizontally-oriented spiny dendrites, and a few axon collaterals
in the SO, while their axon is mostly distributed in the SLM innervating the apical
dendritic tuft and presumably controlling the entorhinal cortical input!®®. In contrast in
the CA3 area, dendritic tree of O-LM spans all layers except SLM. The distribution of
dendrites in both CA subfields overlaps that of recurrent collaterals of local PCs,
thereby suggesting the O-LM cells as a feed-back inhibitory IN'!!, These cells express
the neuropeptide somatostatin'* and mGluia at uniquely high levels in their
extrasynaptic membranes'®®. The glutamatergic®” and GABAergic**’ input terminals
contacting these cells express the mGlus.

Bistratified cells have their cell body within or near the SP with their dendrites
arborizing in the SR and SO, while their axon is associated with Schaffer collaterals or
AJ/C inputs in the SO and SR8, These cells expresses PV, somatostatin as well as
Kv3 channels'®13 and display fast-spiking characteristics'*®1%®°, Similarly, oriens-
bistratified cells (O-Bi), have their axon arborization in the SO and SR, while their
soma and horizontal dendrites are restricted to the SO, They express somatostatin®>!

and occasionally mGlu,'%+1%,

2.3.4. GABAergic synaptic transmission

INs express GABA synthesizing enzyme, glutamate decarboxylase (GAD)3,
and release y-aminobutyric acid (GABA)®*!%, Similarly to glutamate, the released
GABA acts on ionotropic (GABAA)*!® and metabotropic receptors (GABA type B,
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GABAg)™* ™, The activation of GABAA receptors in mature neurons leads to an
inward flow of anions, and a fast hyperpolarizing postsynaptic response—the inhibitory
postsynaptic current (IPSC) or potential (IPSP), mediating the so-called phasic
inhibition®, In addition, low GABA concentrations in extracellular space can activate
GABAA receptors outside the synapse, generating the so-called tonic currents®. In
contrast, activation of GABAg receptors stimulates intracellular G-protein signaling
cascades that modulate ion channels (e. g. Kir3, Cav) and adenylate cyclase activity, and
as a result has differential slow modulatory effect on pre- and postsynaptic neuronal

compartments (reviewed in 1°6-18),

2.4. Distinct distribution patterns of different ion channels in the hippocampus

As outlined in the previous chapters, the activity of any individual neuron is
shaped by excitatory and inhibitory inputs arriving from other cells. This picture is
complicated by the fact that the impact of these inputs, the integration of the conveyed
information and the transformation into output signals is governed by the orchestrated
action of several types of ion channels that are expressed in different patterns on the
surface of the neuron. Although there are still many gaps in our knowledge, a huge
amount of data is available regarding the distribution of ion channels in hippocampal
neurons. | therefore shall focus on a few selected ion channels, such as voltage-gated
Na*, K* and Ca®* channels.

2.4.1. Distribution of voltage-gated Na* channels in the hippocampus

Nay channels have been detected in axonal and dendritic compartments of
hippocampal PCs by in vitro electrophysiology®®. It was shown that their presence in
high densities in the AIS lowers the threshold for AP initiation and gives rise to a fast,
regenerative inward current during the rising phase of the AP*L. In addition, in the nodes
of Ranvier Nay channels ensure the efficient AP conduction®. Nay channels are also
present in the somato-dendritic region of PCs, where they support the active back-
propagation of axonally generated APs into the dendrites'®, as well as contribute to
nonlinear synaptic integration and dendritic Na* spike initiation and propagation3164-
167 Adult hippocampal neurons express three Nay subunits (Nay1.1, Nay,1.2, and
Nay1.6)1%8, but the lack of subunit-specific drugs precludes the identification of the
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subunits responsible for axonal and somato-dendritic Na* currents. Therefore,
immunohistochemistry with subunit-specific antibodies was used to address this issue in
the CALl area. The Nayl.1 subunit was detected in the small axons and AISs of
GABAergic INs®® while the Nay1.2 subunit in the AIS of PCs and VGLUT-1 putative
axonal profiles®®. Nodes of Ranvier, AlSs®%° were intensely labeled for the Nay1.6
subunit, while proximal apical dendrites of CA1 PCs were weakly immunoreactive. The
high-resolution SDS-FRL technique was employed to explore the presence of the
Nay1.6 subunit in small subcellular compartments, and to quantify their densities in
distinct subcellular compartments. This method revealed a characteristic subcellular
distribution pattern of Nay1.6 subunit in the axo-somato-dendritic compartments of PCs,
with a dramatic drop (by a factor of 40 to 70) in density from nodes of Ranvier and
AlSs to somata, and a distance-dependent decrease in density along the proximo-distal

axis of the dendritic tree without any detectable labeling in dendritic spines®®.

2.4.2. Distribution of voltage-gated K* channels in the hippocampus

Kv channels (41 subunits) comprise one of the four K™ selective ion channel
groups, together with the Ca?*- and Na'-activated K* channels of the Kca group (8
subunits), the constitutively active G protein- and ATP-regulated inwardly rectifying K*
channels of the Kj group (15 subunits), and the constitutively open or ‘leak’ K*
channels of the tandem pore or Kzp group (15 subunits)?.

Hippocampal PCs express a wide variety of K™ channel subunits, which might
reside in distinct axo-somato-dendritic compartments?®. Indeed, electrophysiological
experiments have identified K* currents in PC dendrites, including the transient A-type
K™ current (la) characterized by fast activation and rapid rates of inactivation, as well as
the delayed rectifier K* current, which exhibits a delayed onset of activation followed
by little or slow inactivation'’®. The latter one was further divided into two groups based
on pharmacological properties: the Ik current can be blocked by low concentrations of
tetraethylammonium (TEA) or high concentrations of 4-aminopyridine (4-AP)'"*, while
the Ip current is sensitive to a-dendrotoxin®’°.

The 1a current is exclusively mediated by the low-voltage activated K.4.2
channels in CA1 PCs!’. It has a major role in a large variety of dendritic processes,

including the regulation of dendritic electrogenesis*®’, the AP back-propagation into the
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dendrites®®1”, synaptic integration and plasticity!’*’®. Somatic and dendritic patch-
clamp recordings from CA1 PCs revealed a sixfold increase in the density of Ia as a
function of distance from proximal to distal main apical dendrites*’. In contrast, SDS-
FRL demonstrated only a 70% increase in the density of Ky4.2 subunit along the
proximo-distal axis of main apical dendrites!’®. The Ky4.2 subunit was present in higher
densities in dendritic spines than in shafts at the same distance from the somal’®. Axonal
compartments lacked the Ky4.2 subunit!’®. These results indicate that a large fraction of
the K4.2 channels in the proximal dendrites do not conduct K*. Posttranslational
modifications or interactions with some auxiliary/associated proteins were suggested as
possible mechanism for channel function modification’®.

The Ik current, mediated mainly by the high-voltage activated Ky2.1 channels,
has also been revealed in the somato-dendritic region of CA1 PCs!"*1, Interestingly,
they are believed to regulate excitability and Ca?* influx during periods of repetitive
high-frequency firing, rather than regulating the repolarization of single APs!/118,
Light microscopic immunohistochemical and functional studies demonstrated the
presence of the Ky2.1 subunit in the somata, proximal dendrites and AISs of PCs!82-187,
where it either forms clusters or has a uniform distribution depending on its
phosphorylation state’®18 Increased neuronal activity induced by seizures or hypoxia-
ischemia induces Ky2.1 dephosphorylation and the translocation of surface K2.1 from
clusters to a uniform localization. This modulation is associated with changed channel
gating properties (hyperpolarizing shift in the voltage-dependent activation) and a
consequent increase in the amplitude of Ik currents, which might suppress the
pathological hyperexcitability of central neurons!8®, Compared to the numerous
studies exploring the Ky2.1 subunit localization in the perisomatic region of PCs, there
is no data available regarding their localization in small subcellular compartments such
as oblique dendrites, dendritic tufts, dendritic spines, nodes of Ranvier and axon
terminals.

Kv have also been found in axons, where they set the threshold and sculpt the
shape of the APs in addition to regulating repetitive firing properties of PCs!12189-192,
The low-voltage activated delayed rectifier Ky1.1 channel is of particular significance,
as dysfunctions or the absence of these channels have been associated with various

types of neurological disorders including epilepsy®® and episodic ataxia’®®. This is
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consistent with functional studies showing the role of Ip current’%1%_evoked by
channels composed of K,l1.1, K\1.2, or Ky1.6 subunits—in regulating axonal
excitability and AP duration in hippocampal PCs. It was shown that inactivation of Ky1
channels in the AIS and proximal axon during slow subthreshold somato-dendritic
depolarization generates a distance-dependent broadening of the axonal AP
waveform!®, augmenting Ca?* entry and facilitating neurotransmitter release®®%.
Moreover, Ky1 channels in juxtaparanodal regions may act to reduce re-excitation of the
node'®®. Light microscopic immunofluorescent and peroxidase reactions confirmed the
presence of the Ky1.1 subunit in AlSs, juxtaparanodal regions of myelinated axons of
CAL1 PCs and in the neuropil of the SO and SR of the CA1 area'®®19-1%, The neuropil
signal in these regions is likely to originate from the labeling of pre-terminal axons
and/or presynaptic axon terminals. Although Ky1.1 subunits can form heterotetrameric
channels with the Ky1.2 subunits on the surface of neurons, the Ky1.2 subunit is barely
detectable in the SO and SR of the CA1 area with light microscopic immunofluorescent
reactions®®. In contrast, AIS and juxtaparanodal axons of CA1 PCs were intensely
labeled for the Ky1.2 subunit'®®. Both subunits were also localized in the AIS of INs®°,
while the Ky1.6 subunit is predominantly expressed in INs'®’. Currently the presence of
the Ky1.1 subunit at a low density in somato-dendritic compartments cannot be
excluded based on the neuropil labeling in the SO and SR, especially because this
subunit can also be localized to somato-dendritic regions as was shown in, e.g., the
ventral cochlear nucleus®®.

Finally, K3 channels reside in both somato-dendritic and axonal compartments
of a subset of INs!3*1352%0 They mediate either delayed rectifier currents (K,3.1 and
Kv3.2) or Ia-type currents (Ky3.3 and K.3.4), but can form heteromeric channels with
intermediate gating characteristics?®. Typically found in fast-spiking INs, K,3 channels
are important for AP repolarization and sustaining high-frequency firingt3:202-205,
Dendritic patch-clamp recordings demonstrated that K3 channels accelerate the decay
time course of EPSPs, shortening the time period of temporal summation and promoting
AP initiation with high speed and temporal precision?%2%7, Immunofluorescent
reactions confirmed that the Ky3.1b subunit is present in the somata, proximal dendrites
and axon terminals of hippocampal INs. Furthermore, 90% of K,3.Ib* INs were PV*1*®,

which are known to display fast-spiking characteritics'®. Conversely, a large percentage
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(82%) of PV* cells expresses the K,3.1b subunit'®. Based on these findings K,3.Ib is an
ideal marker for PV* fast-spiking INs. Most Ky3.3-immunolabeled IN somata were also

immunoreactive for PV, while a few of them contained somatostatin?%.

2.4.3. Distribution of voltage-gated Ca?* channels in the hippocampus

A large body of data is available that demonstrates the presence of distinct types
of Cay channels on hippocampal neurons, where these channels contribute to a wide
range cellular processes, including dendritic electrogenesis, synaptic plasticity,
neurotransmitter release, activation of Ca®*-dependent enzymes and second messenger
cascades, as well as gene expression?9%:219,

Based on the pore-forming subunit, 10 types of Cay channels can be
distinguished, which fall into three families according to their pharmacological and
biophysical properties: (1) the high-voltage activated dihydropyridine-sensitive
(Cavl.1-4, L-type) channels, (2) the high-voltage activated dihydropyridine-insensitive
(Cav2.1, P/Q-type; Cav2.2, N-type; Cav2.3, R-type) channels and (3) the low-voltage-
activated (Cay3.1-3, T-type) channels?!!,

Dendritic patch-pipette recordings and Ca?* imaging experiments demonstrated
the presence of most, if not all, Cay channel types on CAl PCs, which play important
role in synaptic integration, synaptic plasticity, and neuronal excitability. Through these
channels dendritic APs and synaptic inputs may elevate the intracellular Ca2*
concentration in the dendrites, which can result in release of neurotransmitters or other
substances from dendrites or induction of synaptic plasticity®®. In addition, dendritic Cay
channels together with Nay channels may produce amplification of distal synaptic inputs
and minimize the attenuation that would otherwise occur as a consequence of passive
cable properties?'?. Although the total Ca?" channel density is fairly uniform across
dendrites, the density of the individual channel subtypes varies between the proximal
and distal regions of neurons?'?. For example, in the somata and proximal dendrites
mainly N-type, P/Q-type, L-type channels contribute to the Ca?* influx, whereas T-type
and R-type channels are distributed in more distal dendrites®®2'%-215, Unfortunately,
there are only a few studies showing immunohistochemical localization of Cay channels
in the somato-dendritic region of hippocampal neurons. One light microscopic study

showed weak immunosignal for the Cay,3.1 T-type channel subunit in the somatic-
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proximal dendritic region of CAl and CA3 PCs, and stronger signal in the apical
dendrites for the Ca,3.2 and Ca,3.3 subunits?*® with no detectable increase between the
middle and distal regions of apical dendrites. The perisomatic region of most INs was
also immunopositive for Ca,3.3 or Ca,3.1 or in some cases for Ca,3.2218217, |t is worth
mentioning, that the authors did not test the specificity of their immunoreactions neither
in knockout animals (in which the protein of interest is specifically missing), nor by
using two (or more) antibodies against different parts of the same protein®.

The distribution of Cay1.2 and Cay1.3 L-type channel subunits was determined
by pre- and post-embedding immunogold methods in CA1 PCs?!821% |t was reported
that both Cay1.2 and Cay1.3 subunits are distributed predominantly, but not exclusively
in soma and dendritic processes at both PSDs and extrasynaptic sites?'82%°, Examination
of the density of these Cay subunits along apical dendrites revealed no significant
differences between proximal and distal regions?!®. However, thin dendrites and spines
contained more gold particles than large diameter dendrites?'®. An elegant study, using
super-resolution imaging, optogenetics and electrophysiological measurements
demonstrated that Cay1.3 channels form functional clusters of two or more channels
along the surface membrane of hippocampal neurons??°. Clustered channels can be
physically coupled via calmodulin in a Ca?*-dependent manner, which will increase the
activity of adjoined channels, facilitate Ca?* currents and thereby increase firing rates in
hippocampal neurons??. In addition, fluorescent immunolabeling revealed the Cay1.2
and/or Cay1.3 subunits in the somatic and proximal-dendritic regions of GABAergic
INs, with PV* and somatostatin® INs mostly expressing the Cay1.3 subunit?'722L,

The Cav2.3 R-type channel was also observed postsynaptically in the somata,
dendritic shafts, and spines of the putative CA1 PCs by pre-embedding immunogold

labeling®??.

In dendritic spines immunogold particles were mainly observed in
extrasynaptic plasma membranes, but as the used method is prone to false negative
results, the presence of Cay2.3 at higher densities in PSDs cannot be excluded.

Cav channels are likely to be present also in the AlSs of hippocampal PCs and
INs. Although there is no available data for the hippocampus, PCs of the neocortex???,
Purkinje cells of the cerebellum??* and INs of the dorsal cochlear nucleus?? all express
Cav channels in their AlSs. In the first two cell types P/Q- and N-type channels, while in

the third case T- and R-type channels are present. These channels can be activated by
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both subthreshold and suprathreshold membrane potential depolarization, and play a
role in controlling the pattern and waveform of generated APs?®, and thereby
neurotransmitter release®?,

In contrast, there is clear functional and anatomical evidence demonstrating that
Cav channels are present in axon terminals of hippocampal PCs and INs. In this
subcellular compartment they mediate the Ca?* influx necessary for neurotransmitter
release®® upon activation by APs and/or subthreshold depolarizing signals??7228, In
hippocampal excitatory synapses, application of subtype-specific toxins showed that
glutamate release relies primarily on the concerted action of w-agatoxin IVA-sensitive
P/Q-type and w-conotoxin GVIA-sensitive N-type channels??°2% the ratio of which
varies markedly between terminals on the same axon?!. In contrast, the majority of
distinct IN types rely either on P/Q- or N-type channels®*?2%, and only a small subset of
them uses both subtypes?** for GABA release. The presence of the P/Q-type channels
was confirmed on axon terminals of PCs and INs of the CA1 and CA3 area by the high-
resolution SDS-FRL method. The Cav2.1 subunit was confined to the AZ of axon
terminals and their numbers scaled linearly with the AZ area>2%. Moreover, gold
particles labeling the Cay2.1 subunit were non-randomly distributed within AZs of both
excitatory and VGAT* GABAergic axon terminals®323,

In contrast, the contribution of R-type channels to neurotransmitter release is
more controversial®*®23":23 Recently it turned out that the SNX482 drug, used to
demonstrate the role of this channel in synaptic release, also reduces la-type K*
currents?®®, Nevertheless, pre-embedding immunogold reactions showed that the Cay2.3
subunit is present in both excitatory and inhibitory boutons of the CA1 region??2. The
labeling occupied mostly extrasynaptic membranes, but the lack of labeling in AZs
could be the consequence of insufficient penetration into the AZ as a consequence of
technical limitation of the used pre-embedding method.

Cav1.2 and Cayl1.3 L-type channel subunits have also been shown to be present
on hippocampal axon terminals by pre- and post-embedding
immunohistochemistry?'®21°, Electrophysiological recordings in the presence of the L-
type channel specific dihydropyridine antagonists (nifedipine) excluded their role in fast
synaptic transmission?24, However, recently it was shown that certain properties

attributed to L-type channels, such as slow activation and the lack of contribution to
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single APs, reflect the state-dependent nature of the dihydropyridine antagonists used to
study them, and not the kinetics of native L-type currents?**. The authors also found that
these channels open over a range of voltages and activate rapidly in response to a
variety of stimuli including individual APs, which suggests that they could potentially
contribute to fast transmitter release?*,

Regarding the axonal location of T-type channels in hippocampal PCs, there is
minimal data available. Post-embedding immunogold experiments revealed that the
Cay3.1 T-type channel subunit is not present in PC terminals?*?, but there is no available
information concerning the other two T-type channel subunits. Particularly, the presence
of the Cay3.2 subunit needs to be checked, as this subunit was localized to the AZ of
cortical PCs axon terminals where they regulate glutamate release in conjunction with
HCNZ1 channels?®. In contrast, the mentioned post-embedding reactions demonstrated
the presence the Cav3.1 T-type channel subunit in hippocampal PV* basket terminals
near the AZ?? It was shown, that the Ca®" influx triggered by these channels

augmented by Ca?* from internal stores can mediate GABA release?*?.

2.5. Input- and target cell type-dependent distribution of ion channels

Another fundamental issue regarding the subcellular distribution of ion channels
is that excitatory and inhibitory synapses localized in the same subcellular compartment
of a given neuron can display differences in the type, number, density and nanoscale
distribution of their ion channels. As | will demonstrate in the two following chapters,
the exact molecular composition of synapses is determined by the identity of the
presynaptic input neuron and/or the cell type of the postsynaptic target neuron (input

versus target cell type-dependent differences, Figure 6).

A B Target-specific diff.
Input-specific diff.

—aA =

Figure 6. Input- and target cell type-dependent synaptic differences. (A) Input-
dependent differences occur between synapses supplied to the same postsynaptic cell by
distinct types of presynaptic neurons. (B) In case of target cell type-dependent
differences, axon terminals of a single presynaptic neuron diverging onto distinct types
of postsynaptic neurons display morphological (and/or functional) differences. Modified
from 18,
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2.5.1. Input- and target cell type-specific distribution of AMPA receptors

AMPA-type glutamate receptors are ubiquitously present in every nerve cell.
Their majority is concentrated in PSDs of glutamatergic synapses, but they are also
present at low densities in the extrasynaptic plasma membranes, and occasionally in
presynaptic compartments. These receptors are homo- or heterotetramers built from
combinations of subunits, which differ in their contribution to channel kinetics, ion
selectivity, and receptor trafficking properties, hence creating great structural and
functional heterogeneity'316:17,

Interestingly, Fujiyama et al. (2004) revealed that the subunit composition of
AMPA receptors localized on presynaptic axon terminals contacting neostriatal neurons
is influenced by the cell-type of the input cell?*4. While cortico-striatal axon terminals
contain presynaptic GluA1, GluA2z and GluAs subunit-containing AMPA receptors,
thalamo-striatal terminals are devoid of the GluA4 subunit and express only GluA; and
GluAys in their AZs?*. Furthermore, in contrast to cortico-striatal axon terminals, the
presynaptic AZ of cortico-cortical terminals is devoid all of the examined AMPA
receptor subunits?**. This demonstrates, in addition to the presynaptic cell, the identity
of the postsynaptic cell also affects the molecular structure of synapses.

In addition to different subunit composition, the nanoscale distribution of AMPA
receptors can also show input cell type-specific differences. Accordingly, high-
resolution SDS-FRL experiments, employing an antibody that recognizes all four
AMPA receptor subunits, revealed differences between the postsynaptic AMPA
receptor distribution of retinogeniculate and corticogeniculate synapses formed on relay
cells of the dorsal lateral geniculate nucleus®®. It was shown that individual
corticogeniculate synapses express similar number of AMPA receptors in a larger
synaptic area than retinogeniculate synapses®®. As AMPA receptors are arranged in
microclusters in both synapse types, this resulted in larger intrasynaptic areas devoid of
AMPA receptors in corticogeniculate synapses than those in retinogeniculate
synapses®*®. Because AMPA receptor occupancy declines with distance from the site of
vesicle fusion?*, it was hypothesized that these differences in the distribution of AMPA
receptors could endow distinct functional properties to synapses. Numerical
simulations, however, showed that AMPA receptor-mediated quantal responses were

almost identical in retinogeniculate synapses, displaying homogeneous receptor
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distributions, and in corticogeniculate synapses, having similar number of receptors in a
clustered arrangement?4°,

This does not exclude the possibility that in other cell types AMPA receptor
distribution does not regulate the synaptic strength. Accordingly, a recent study
suggested that presynaptic Rim1/2 clusters are aligned to postsynaptic areas densest in
GluA: receptors, endowing increased synaptic strength compared to uniform
distribution of postsynaptic receptors?*’.

In the hippocampus the AMPA receptor distribution was examined by a
quantitative immunogold method with the antibody that recognizes all four AMPA
receptor subunits?®8, Two functionally distinct synapses of CA3 PCs were compared
with regard to their AMPA receptor content. It was found that all mossy fiber synapses
contacting PC complex spines in the SL were immunopositive for AMPA receptors?*®,
In contrast, up to 17% of A/C synapses contacting PCs spines in the SR were
immunonegative. Furthermore, mossy fiber synapses had less variability in their
immunoparticle number and contained four times as many AMPA receptors as A/C
synapses®®. These results demonstrate that the number and the variability of synaptic
AMPA receptors on CA3 PCs depend on the identity of the presynaptic input. The
influence of postsynaptic cells on AMPA receptor expression was also tested by
comparing the AMPA receptor content of A/C synapses contacting PCs spines and
GABAergic interneuron dendrites in the SR of the CA3 area®®. In contrast to spine-
targeting A/C synapses, IN dendrite-contacting A/C synapses always contained
immunoreactive AMPA receptors, the number of which showed less variability and was
four times larger than in the former connection?®. This experiment demonstrates that
the AMPA receptor distribution is different in two distinct cell types that are innervated
by a common afferent. Altogether, these results indicate that in hippocampal synapses

the AMPA receptor distribution is governed by both pre- and postsynaptic elements?.

2.5.2. Input- and target cell type-specific distribution of Cav channels

Currently a lot of research is focused on presynaptic Cayv channels as differences
in their distributions are assumed to underlie the heterogeneity in the temporal
precision, efficacy and short-term plasticity of synaptic transmission?°-2%*, The opening

of these Cay channels mediates a local intracellular Ca%* influx. Ca%* then diffuses from
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the source (Cay channels) to the vesicular sensor (synaptotagmins) and by activating it,
triggers neurotransmitter release. As the Ca®* signal generated by a single open Ca?*
channel declines steeply with distance®®2% the spatial arrangement of Cay, channels
and readily-releasable vesicles on the nanoscale is a crucial determinant of the Pr, in
addition to the number of channels, single-channel conductance, their open probability,
the length of time until they are open, as well as the presence and properties of fast
internal Ca* buffers (reviewed in 182%8-260),

Distinct Cay channel distribution was implicated as a mechanism underlying
target cell type-dependent differences in the Pr of glutamate release and the consequent
differences in short-term plasticity, which are well established phenomena with
numerous examples in cortical microcircuits. For example, single PCs generate different
responses in two distinct types of inhibitory INs: somatostatin and mGluia-expressing
O-LM and O-Bi cells of the hippocampus and bitufted INs of the neocortex receive
facilitating EPSCs with low initial Pr, whereas synaptic inputs onto fast-spiking PV-
expressing INs (e.g., basket, axo-axonic, bistratified cells in the hippocampus and
multipolar cells in the cortex) display short-term depression and have high initial Pr
18152,261-263 " |mportantly, such target cell-type dependent divergence in presynaptic
release properties is not restricted to glutamatergic afferents, as simultaneous triple
recordings revealed that GABAergic axons can also exhibit distinct release properties in
a target cell-specific manner?64265,

It was shown that these target cell type-dependent differences in Pr are reflected
in the amplitude of [Ca?'] transients in the presynaptic boutons?®!. Moreover,
simultaneous recordings between a presynaptic PC and two distinct types of IN revealed
that the axon of a single PC can transmit different aspects of information coded in a
complex spike train to distinct postsynaptic cell types?61:264.266-268 and that distinct types
of short-term plasticity enable neuronal networks to perform complex computations?°8,

A candidate protein bestowing different Pr and short-term plasticity to axon
terminals was mGluz, a metabotropic glutamate receptor that shows postsynaptic target
cell type-dependent differences in its presynaptic density®’. However, a group Il
mGIuR-specific antagonist failed to abolish the differences in short-term plasticity of
synapses expressing or lacking mGluz?®°. More recently, Sylwestrak and Ghosh

(2012)%7 identified the extracellular leucine- rich repeat fibronectin-containing protein
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1 (Elfnl) as a key molecule in bestowing short-term facilitation. This protein is
selectively expressed postsynaptically in O-LM cell somata and dendrites, and knocking
down Elfn1 from somatostatin® INs led to an increase in the amplitude of the first EPSC
of a train and a reduction in the degree of short-term facilitation. Nevertheless, the
short-term plasticity of somatostatin® INs after EIfn1 knock-down is still facilitating,
very different from that observed in PV* IN-targeting boutons. Although, to date, there
are no data available regarding the mechanisms underlying the low initial Pr of these
facilitating synapses, Rozov et al. (2001)?"* put forward an elegant hypothesis based on
their experiments involving fast and slow Ca?* buffers. They postulated that the low
initial Pr of facilitating cortical PC synapses can be explained by a larger coupling
distance between Cay, channels and Ca?* sensors on the readily-releasable vesicles
compared with the high Pr PC synapses on fast-spiking INs. Assuming similar Ca?*
sensors and docked vesicle distributions, this would suggest a lower average Cav
channel density within the AZs of low Pr synapses. To confirm or reject this hypothesis
high-resolution immunolocalization experiments will need to be carried out to compare
the Cav channel densities between high and low Pr boutons of the same axons.

Input cell type-dependent differences in the properties of synaptic release were
also described??23, and similarly differences in Ca, channel distribution were
suggested as underlying mechanism?’*. For example, CCK and PV-expressing basket
cells terminals contacting hippocampal PCs differ substantially in their mechanisms of
coupling of APs and exocytosis?’* (reviewed in 1241%) While PV* output synapses
release GABA in a tightly synchronized manner in response to presynaptic APs, CCK*
INs generate a less timed, highly asynchronous input. From these cells GABA is
released for up to several hundred milliseconds after high-frequency stimulation. It was
suggested, that the asynchronous release at the CCK* IN output synapses could be a
consequence of loose coupling between Ca?* source and sensor, that is to say a larger
diffusional distance between Cay channels and synaptotagmins that trigger GABA
release?’*. In contrast, tight coupling would promote synchronous release in PV* output
synapses?’4. The loose coupling at CCK* IN synapses was confirmed by the fact that the
diffusion of Ca?* from Cays to synaptotagmins takes sufficiently long time that the slow
Ca?* chelator, EGTA, could interfere with the coupling?’®. In contrast, the EGTA did

not have an effect on the synchronous release of PV* IN output synapses?’4. This
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conclusion was in line with the result of pharmacological experiments using subtype
specific blockers, which suggested the involvement of different types of Cay channels at
the two types of synapses: while Cay2.2 channels trigger synchronous and asynchronous
release in CCK™ IN output synapses?’#2’> PV* IN synapses rely on P/Q-type channels
for transmitter release?’. It was suggested that Cay2.1 channels must be located in AZs,
while Cay2.2 channels should be distributed throughout the presynaptic terminals to
explain the differential coupling between Ca, channels and Ca?* sensors at the two types

of synapses?’*

. To validate these assumptions direct anatomical proof will be needed.

In conclusion, recent experiments revealed that all ion channels studied to date,
including the ones not presented here (e.g. HCN1 subunit), show distinct subcellular
distribution patterns on the surface of a given neuron type. This prediction is based
mostly on data originating from patch-pipette recordings and light microscopic
immunolocalization methods, and only partially on high-resolution quantitative data.
Unfortunately, small subcellular compartments are inaccessible for patch-pipette
recordings rendering their ion currents enigmatic, and low densities of ion channels
could remain undetectable due to the limited sensitivity and resolution of light
microscopic immunolocalization methods. Therefore, highly sensitive, quantitative,
high-resolution immunolocalization experiments will need to be carried out to
determine the presence and relative densities of additional ion channels in the different
axo-somato-dendritic compartments of neurons, including small subcellular
compartments such as oblique dendrites, dendritic tufts, dendritic spines, nodes of
Ranvier and axon terminals.

Furthermore, ion channel distribution of synapses is governed by both pre- and
postsynaptic elements, which can underlie functional heterogeneity of synaptic
connections.  Once again, highly sensitive, quantitative, high-resolution
immunolocalization experiments will need to be performed to reveal correlations
between the molecular structure and functional properties of synaptic connections, and
thereby facilitate our understanding of how the tremendous molecular diversity is

exploited by neuronal circuits.
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3. Objectives

The functional impact of ion channels depends on their molecular structure as
well as their precise subcellular location and densities on the axo-somato-dendritic
surface of nerve cells. Despite extensive electrophysiological and anatomical
investigations, the exact location and densities of most ion channels in small subcellular

compartments are still unknown.

Therefore, the general aim of my work was to investigate the cell surface
distribution of different voltage-gated K* and Ca?" channels and to reveal potential
input- and target cell type-dependent differences in ion channel distributions that might
underlie distinct functions. To address the aims of my dissertation, | adopted the highly-

sensitive, high-resolution electron microscopic SDS-FRL technique.

The specific aims in this study were:

(1) To determine the precise subcellular distribution pattern of two delayed-rectifier
K* channel subunits (Kv1.1 and K,2.1) in distinct axo-somato-dendritic

compartments of CA1 PCs.

(2) To reveal target cell type-specific differences in the distribution and densities of
voltage-gated Ca?* channels in CA3 PC axon terminals.

(3) To determine input cell type-dependent differences in the distribution of
voltage-gated Ca?* channels in basket cell axon terminals of the hippocampal
CA3 area.

Contributions:
The gold distribution analysis was performed with a software written by Miklos

Szoboszlay.
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4. Methods

All experiments were conducted in accordance with the Hungarian Act of
Animal Care and Experimentation and with the ethical guidelines of the Institute of

Experimental Medicine Protection of Research Subjects Committee.

4.1. Tissue preparation for fluorescent immunohistochemistry and SDS-FRL

Wistar rats (adult: postnatal day (P) 30-66, n = 11 male; young: P15-17, n = 8
male), transgenic mice expressing DsRed fluorescent protein under the CCK promoter
(CCK-BAC/DsRedT3; P19-P25, n = 5 male), CB:** (P18, P26, n = 2 female) and CB1°
(P18, n = 2 female, kindly provided by Prof. Andreas Zimmer?%) mice were deeply
anaesthetized with ketamine (0.5 ml/100 g). The animals were transcardially perfused
with an ice cold 0.9% saline solution for one minute, then with an ice cold fixative. The
brains were then quickly removed from the skull and placed in 0.1 M phosphate buffer
(PB).

For light microscopic immunofluorescent reactions, animals were perfused with
a fixative containing either 4% paraformaldehyde (PFA; Molar Chemicals) and 15v/v%
picric acid (PA) in 0.1 M PB (pH = 7.3 for the Ky1.1 labeling) or with 2% PFA in 0.1 M
Na acetate buffer (pH = 62’7 for the K,2.1 labeling) for 15 minutes. Afterwards, 70 um
thick coronal sections were cut from the forebrain with a vibratome (VT1000S; Leica
Microsystems), and were washed in 0.1 M PB. Brain sections from animals perfused
with 4% PFA and 15 v/v% PA in 0.1 M PB were treated with 0.2 mg/ml pepsin (Dako)
in 0.2 M HCl at 37°C for 18-20 minutes, and then were washed in 0.1 M PB.

For SDS-FRL, animals were perfused with a fixative containing 2% PFA and
15viv% PA in 0.1 M PB for 15 minutes. Coronal or horizontal sections of 80 pum
thickness were cut from the forebrain. Small tissue blocks from the dorsal CA1, dorsal
and ventral CA3 were trimmed, and cryo-protected by overnight immersion in 30%
glycerol.

Replicas from Ca,2.2*"* (P18, n = 1) and Ca,2.2"" mice (9 months old mouse, n
= 1, kindly provided by Prof. Yasuo Mori) were provided by Prof. Ryuichi

Shigemoto?”®,
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4.2. Fluorescent immunohistochemistry

Following several washes in 0.1 M PB and then in Tris-buffered saline (TBS;
pH = 7.4), sections were blocked in 10% normal goat serum (NGS; Vector
Laboratories) made up in TBS, followed by overnight incubation in primary antibodies
diluted in TBS containing 2% NGS and 0.1% Triton X-100. The used primary
antibodies are listed in Table 1. After several washes in TBS, the sections were
incubated in Cy3-conjugated goat anti-rabbit IgGs (1:500 or 1:1000; Jackson
ImmunoResearch Laboratories) and Alexa488-conjugated goat anti-mouse IgGs (1:500;
Life Technologies) made up in TBS containing 2% NGS for 2 hours. Sections were
washed in TBS, then in 0.1 M PB before mounting on slides in Vectashield (Vector
Laboratories). Images from the CAL region were acquired using a confocal laser
scanning microscope (FV1000; Olympus) with either a 20X (NA = 0.75) or a 60X (NA
= 1.35) objective. Automated sequential acquisition of multiple channels was used. For
low magnification, single confocal images, while for high magnification, single
confocal images or maximum intensity z-projection (three confocal images with 0.3 pm

separation) images were used.

4.3. SDS-FRL

Small blocks from the CAl and CA3 areas were sandwiched between copper
carriers and were frozen in a high-pressure freezing machine (HPM100; Leica
Microsystems). Carriers then were inserted into a double replica table and fractured at -
135°C in a freeze-fracture machine (BAFO060; Leica Microsystems). The fractured faces
were coated on a rotating table by carbon (2 or 5 nm) with an electron beam gun
positioned at 90°, then shadowed by platinum (2 nm) at 60° unidirectionally, followed
by a final carbon coating (20 nm). Tissue debris was ‘digested” from the replicas in a
solution containing 2.5% SDS and 20% sucrose in TBS at 80°C overnight. Following
several washes in TBS containing 0.05% bovine serum albumin (BSA; Sigma), replicas
were blocked in TBS containing 0.1-5% BSA for 1 hour, then incubated overnight at
room temperature or for four days at 4°C in the blocking solution containing the
primary antibodies listed in Table 1. Replicas were then incubated for 2 hours in TBS

containing 5% BSA and goat anti-rabbit 1gGs coupled to 5, 10, 15 nm gold particles
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Table 1. Primary antibodies used in the immunoreactions.
LM, light microscopy; aa., amino acid.

Final protein
concentration
_ (pg/mh
Source;
Protein catalogue SDS-  Characterization
target number Species Antigen LM FRL reference
Ankyrin-G NeuroMab; Mouse aa. 990-2622 of Lorincz and Nusser
(Ank-G) 75-146 monoclonal, human Ank-G 2 (2010)%
clone N106/36
Ca2.1 Synaptic Systems;  Rabbit aa. 1921-2212 of Holderith et al. (2012)%®
152 203 polyclonal rat Ca,2.1 17-2
Ca2.1 Frontier Institute;  Guinea pig aa. 361-400 of Holderith et al. (2012)%%,
VDCCalA-GP- polyclonal mouse Ca,2.1 2 Indriati et al. (2013)?"
Af810
Ca2.2 Synaptic Systems;  Rabbit aa. 1921-2212 of this study
152 303 polyclonal rat Ca,2.2 25
CB; Cayman Rabbit aa. 461472 this study
Chemical; polyclonal intracellular 12
10006590 region of the ’
human CB;
CB; Frontier Institute; Guinea pig mouse CB;, C- this study
CB1-GP-Af530 polyclonal terminal 31 aa. 2
K,1.1 Frontier Institute; ~ Rabbit aa. 478-492 of Iwakura et al. (2012)%"°,
Kv1.1-Rb-Af400  polyclonal mouse K,1.1 1 2 also this study
K,1.1 NeuroMab; Mouse aa. 191-208 of rat Tiffany et al. (2000)%®,
75-105 monoclonal, K1.1 4 Lorincz and Nusser
clone K36/15 (2008)™%, see also
NeuroMab website
K.2.1 NeuroMab; Mouse aa. 837-853 of rat 10 or Trimmer (1991)'%?,
75-014 monoclonal, K.2.1 34 20 Antonucci et al. (2001)%,
clone K89/34 also this study
K.2.1 NeuroMab; Mouse aa. 211-229 of rat Lim et al. (2000)18°
75-159 monoclonal, K.2.1 3.6
clone K39/25
K,3.1b Alomone Labs; Rabbit aa. 567-585 of rat Barry et al. (2013)%2
APC-014 polyclonal K,3.1b 3.2-4
mGlu;, Frontier Institute; ~ Guinea pig aa. 945-1127 of Mansouri et al. (2015)2
mGIluR1a-GP- polyclonal mouse mGluj, 2
Af660
Na,1.6 Alomone Labs; Rabbit aa. 1042-1061 of Lorincz and Nusser
ASC-009 polyclonal rat Na,1.6 8 16 (2008)1%°
Neuroligin-  Synaptic Systems;  Rabbit aa. 750-767 of rat Briatore et al. (2010)%*
2 (NL-2) 129 203 polyclonal NL-2 1
pan-Na, Alomone Labs; Rabbit aa. 1501-1518 of Lorincz and Nusser
ASC-003 polyclonal rat Nay1.1 4 (2010)%
pan- NeuroMab; Mouse aa. 1066-1174 of 360r Schafer et al. (2004)%%,
Neurofascin ~ 75-027 monoclonal, rat NF-155 71 Van Wart et al. (2007)%¢
(pan-NF) clone L11A/41 '
Rim1/2 Synaptic Systems;  Rabbit aa. 1-466 of rat Holderith et al. (2012)%%
140 203 polyclonal RIM2 0.5
SNAP-25 Synaptic Systems;  Mouse aa. 20-40 of rat Von Kriegstein et al.
111 001 monoclonal SNAP-25 0.7 (1999)%7
Synapto- Synaptic Systems;  Rabbit aa. 406-422 in rat Johnson et al. (2010)22,
tagmin-2 105 123 polyclonal synaptotagmin-2 13 this study
Vesicular Synaptic Systems;  Guinea pig aa. 2-115 of rat Gallart-Palau et al.
GABA 131 004 polyclonal VGAT 05 (2014)%9
transporter ’
(VGAT)
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(1:50-1:100; British Biocell International) or to 6 nm gold particles (1:30; AURION
Immuno Gold Reagents & Accessories), goat anti-mouse 1gGs coupled to 10 or 15 nm
gold particles (1:50-1:100; British Biocell) or goat anti-guinea pig 1gGs coupled to 10
or 15 nm gold particles (1:50-1:100; British Biocell or 1:30; AURION). Finally,
replicas were rinsed in TBS and distilled water before being picked up on copper
parallel bar grids. Specimens were analyzed with a transmission electron microscope
(JEM-1011; JEOL Ltd). Images of identified profiles were taken with a Cantega G2
camera (Olympus Soft Imaging Solutions) at 10000-25000x magnification. Gold
particle counting and area measurements were performed with ITEM software
(Olympus Soft Imaging Solutions). All used antibodies recognized intracellular epitopes
on their target proteins and consequently were visualized by gold particles on the P-
face. Nonspecific background labeling was measured on E-face structures surrounding
the measured P-faces, as described previously®®.

In most double-labeling reactions, a mixture of the two primary, then a mixture
of the two secondary antibodies was applied. However, | also performed sequential
double-labeling reactions (e.g. for Ky1.1 and pan-NF, Ky1.1 and SNAP-25 as well as for
VGAT and CBj) in which the anti-Ky1.1 or the anti-VGAT primary were applied
overnight at room temperature. On the next day appropriate secondary antibodies were
used to label the primary antibodies. After this the replicas were incubated overnight
with the second primary antibody (anti-pan-NF, anti-SNAP-25 or anti-CB1) and on the

following day with the corresponding secondary antibody.

4.4. Testing the specificity of the immunoreactions

Specificity of the immunoreactions for Ky1.1 and Ky2.1 subunits was tested by
using two antibodies raised against different non-overlapping epitopes of the respective
proteins, which revealed identical labeling patterns in the CA1 region. In addition, the
labeling pattern for the Ky1.1 in the CA1 area was identical to that published by Lorincz
and Nusser (2008)%° with the mouse anti-K,1.1 antibody; the specificity of that
immunoreaction was verified in K,1.17 mice. The labeling pattern revealed by the K,2.1
antibodies was also consistent with published data?®181-187,

The rabbit anti-Cay2.1 antibody provides identical labeling to that of the guinea
pig anti-Cay2.1, the specificity of which was proven in Holderith et al. (2012)%*.
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The specificity of the Cav2.2 immunolabeling was confirmed using tissue
derived from Ca,2.2”- mice, where immunogold particles for Ca,2.2 were mostly
abolished from P-face sections of axon terminals attached to somatic E-face membranes
(0-3 gold particles in 189 profiles from n = 2 animals), whereas in Ca,2.2*"* mice these
structures were strongly labeled for Cay2.2 (0-15 gold particles in 301 profiles, n = 2
animals). In addition, in Cay2.2*"* mice, excitatory axon terminals (identified based on
the presence of an AZ facing a PSD on E-faces) contained stronger Cay2.2 labeling
(mean + standard deviation (SD) = 3, range: 0-10 gold particles in 27 profiles),
compared with Ca,2.2”" mice (mean = SD = 0.25, range: 0-3 gold particles in 51
profiles).

The specificity of the CB1 immunolabeling was tested on replicas in CB:”* and
CB:** mice. In single-labeling experiments, immunogold particles for CB1 were
abolished from axon terminals in every layer of the CA3 in the CB;™" tissue (n = 2
mice). Double-labeling reactions for CB: using two different anti-CB; antibodies

+/+

resulted in double-labeled axon terminals in CB1** mice, while on replicas from CB ™
mice no labeled profiles were found. Furthermore, CB; labeling showed extensive
colocalization with VGAT in CB:*'* mice (31 CB:* out of 60 VGAT" boutons), but in

CB17"mice all VGAT terminals (0 out of 53) were immunonegative for CB.

4.5. Quantification of immunogold particles labeling the Kv1.1 and Kv2.1 subunits
in the rat CA1 region

Quantitative analysis of immunogold labeling for the Ky1.1 and Ky2.1 subunits
was performed on CA1 PC somata, 11 different dendritic compartments, AlISs and axon
terminals in six'”® CA1 sublayers (n = 3 rats for each subunit). In addition to SO, SP,
SR, and SLM (above 360 um), the SR was divided into proximal SR (0—120 um),
middle SR (120-240 um) and distal SR (240-360 pum) parts based on the distance from
SP. The main apical dendrites, oblique dendrites, spines and axon terminals were
grouped according to this criterion. The distance of an individual process (P) from the
SP was calculated from the position of the SP and from the stage coordinate (Xo, Yo) of
the process using the following equation:

| (y2 —y1) Xxx0 4+ (x1—x2) X y0 + X2 X y1 —x1 X y2 |
J2-y1)2+(x1-x2)?

distance (P(xo, Yo)) =
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The position of the SP was determined by an imaginary line connecting two end
points of the SP with the coordinates X1, y1 and Xz, y2. Oblique dendrites were identified
based on their small diameter and the presence of at least one emerging spine from the
dendritic shaft. Structures were only considered to be spines if they emerged from a
dendritic shaft. Axon terminals were identified either (1) based on the presence of an
AZ facing a PSD on the opposing E-face of a spine or dendrite; or (2) based on the
presence of synaptic vesicles on their cross-fractured portions; or (3) the presence of a
large number of gold particles labeling SNAP-25. Images of AlSs of CA1 PCs were
taken in SP and SO. To quantify the K2.1 subunit in the AlSs, the Ky1.1 subunit (n = 3
rats) was used as molecular marker. The NL-2% was used to identify GABAergic
synapses on PC somata and dendrites. In these experiments, the quantified ion channels
were visualized with 10 nm gold-conjugated IgGs. On the figures, gold particle
densities are presented as mean + SD between animals. One-way ANOVA with
Dunnett’s post hoc test was used to compare the gold particle densities between distinct
subcellular compartments, and significance was taken as P < 0.05. In all figures, *P <
0.05, **P <0.01, ***P <0.001.

4.6. Quantitative analysis of immunogold particles labeling the Cav2.1 and Cav2.2
subunits in rat CA3 PC axon terminals contacting K.3.1b or mGluia

immunopositive cells

To quantify the Cav2.1 and the Cav2.2 subunit densities in the AZs of axon
terminals targeting K.3.1b* or mGluiw® dendrites in the SO of the CA3 area, all
experiments were performed using the ‘mirror replica method’’®. With this method,
replicas are generated from both matching sides of the fractured tissue surface, allowing
the examination of the corresponding E- and P-faces of exactly the same membranes.
One replica was immunolabeled for K\3.1b and mGluia to identify IN dendrites; its
mirror surface was labeled for a Cav channel subunit and all subcellular structures
(dendrites, AZs) were identified in both replicas. The AZs were delineated on the P-face
based on the underlying high density of IMPs. Gold particles inside the synaptic area
and up to 30 nm away from its edge were counted. Axon terminals containing Cay
subunit labeling without an elevated density of IMPs were discarded from the analysis

because this is a characteristic feature of inhibitory terminals. All AZs, fractured

38



DOI:10.14753/SE.2018.2123

partially or in their completeness, were quantified. When the synaptic area was not flat,
the replica was tilted. To eliminate reaction-to-reaction variability in the Cay subunit
labeling, synaptic, extrasynaptic bouton, and background Cay densities were normalized
to the mean of the Cay densities measured in the AZs targeting mGlus,* profiles in each
reaction. On the figures, gold particle densities of measured individual AZs are
represented by circles, boxes indicate IQRs, and horizontal bars indicate medians. As
the Shapiro-Wilk test showed that data was different from normal distributions,
Kruskal-Wallis test (5 unpaired groups) with Mann-Whitney U test with Bonferroni
adjustment was used to compare the Cay densities. Significance was taken as P < 0.05.
In all figures, *P < 0.05, **P <0.01, ***P <0.001.

4.7. Quantification of CB1, Rim1/2, Cav2.1 and Cav2.2 subunits in axon terminals
targeting the somatic region of PCs in the distal CA3 area of the rat and mouse

hippocampus

To quantify the CB1, Riml1/2, Cay2.1 and Cay2.2 subunit densities on axon
terminals, electron micrographs of PC somatic E-face membranes with attached P-face
axon terminal fragments were taken from SP of the distal CA3 area of a rat and two
mice (data pooled). These attached P-face profiles showed large variability in sizes. I
have restricted the analysis to those profiles that had an area > 0.01 and < 0.21 pm?,
corresponding to the range of AZ sizes obtained from 3D electron microscopic
reconstructions performed by Noémi Holderith?®. The gold particle densities were then
calculated in these P-face membranes without assuming that the entire membrane is an
AZ. The AZs of CB;1" boutons do not contain an elevated density of IMPs, therefore
their delineation based on morphological criteria is not possible. Molecules that are
confined to the AZ should therefore be used to identify AZs. Here | used Rim1/2
immunolabeling for this purpose and delineated potential AZs in my figures for
illustrative purposes only. However, | refrain from performing gquantitative analysis of,
for example, CB:1 immunoreactivity in AZs, due to uncertainties in determining the
borders of the AZs. | also provided indirect evidence for the potential enrichment of
Cav2.1 and Cay2.2 in AZs in the following way. Using Rim1/2 labeling, | demonstrated
that 31.7% and 23.6% of the P-face membrane fragments fractured to large E-face

somatic membranes contain AZs in rats and mice, respectively. In Ca,2.1 and Cay2.2
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double-labeling experiments, this proportion was similar (43% and 19.8%). The
quantitative analysis of these double-labeling reactions revealed that these two Cayv
channels are almost fully exclusive: 89% and 92% of the fractured membranes had
either Ca\2.1 or Cay2.2 labeling in rats and mice, respectively. | also delineated Cay2.2-
and Cay2.1 rich areas of the boutons for illustrative purposes in my figures, but | have
no evidence that these areas fully overlap with the AZs.

4.8. Analysis of immunogold particle distribution patterns within specific

subcellular compartments

To investigate whether the distribution of a given protein within a certain
subcellular compartment is compatible with a random process or not, | computed two
measures using a software developed by Miklos Szoboszlay.

First, | calculated the mean of the nearest neighbor distances (NND) of all gold
particles within the area in question and that of random distributed gold particles within
the same area (same number of gold particles placed in the same area, 200 or 1000
repetitions). The NNDs were then compared statistically using the Wilcoxon signed-
rank test (after normality of sample distributions was assessed using the Shapiro-Wilk
test). In our second approach, | computed a 2D spatial autocorrelation function (g(r)) for
my experimental data and for their corresponding random controls based on previously
published methods?®. The g(r) reports the probability of finding a second gold particle
at a given distance r away from a given gold particle. For randomly distributed gold
particles, g(r) = 1, whereas spatial inhomogeneities result in g(r) values > 1 at short
distances. In my experiments, | computed the g(r) for 0 < r < 80 nm and then their
mean (g(r)) was calculated and compared with those obtained from random
distributions using the Wilcoxon signed-rank test (after normality of sample
distributions was assessed using the Shapiro-Wilk test). Significance was taken as P <
0.05. In all figures, *P < 0.05, **P <0.01, ***P <0.001.
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5. Results

5.1. Subcellular distribution of two delayed-rectifier K* channel subunits in the
hippocampal CA1l area

5.1.1. Distribution and specificity of Ky1.1 subunit immunoreactivity in the CAl

area

First, I investigated the distribution of the Ky1.1 subunit in the hippocampal CAl
area of adult rats using light microscopic immunofluorescent localizations. | tested the
specificity of the Ky1.1 subunit immunoreactions by using two antibodies directed
against different, non-overlapping parts of the Ky1.1 protein (see Table 1). The identical
labeling pattern obtained with the two antibodies strongly suggests the specificity of the
immunolabeling (Figure 7A-D). At low magnifications, an intense punctate neuropil
labeling was seen in the SO and SR in agreement with published data®6®1%-1%
corresponding to either presynaptic terminals'®® or dendritic spines. At higher
magnifications, AlSs (Figure 7E and H) and the juxta-paranodal region of myelinated
axons were also observed. Double-labeling experiments with known AIS markers such
as Ank-G?% and pan-Na,®® (Figure 7E-J) verified that the intensely labeled processes
were indeed AISs. In order to unequivocally identify the origin of the punctate neuropil
labeling of the SO and SR, and to assess the densities of the Ky1.1 subunit in 18 axo-
somato-dendritic compartments of CA1 PCs, | turned to the SDS-FRL method.

5.1.2. Axonal location of the Kv1.1 subunit in hippocampal CA1 PCs

| started by investigating whether the AISs, which were the most intensely
immunolabeled profiles in my immunofluorescent reactions, contained a high density of
gold particles in my replicas. In the SP and SO, several elongated structures contained a
high density of immunogold particles labeling the Ky1.1 subunit (Figure 8A-D). Only
P-face profiles were intensely labeled, consistent with the intracellular location of the
epitope recognized by this antibody (aa. 478-492). These structures were then
molecularly identified as AISs by the high density of pan-NF labeling (Figure 8B and
D). In AlSs, gold particles consistently avoided the PSD of axo-axonic GABAergic
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Figure 7. Distribution of the Kv1.1 subunit in the hippocampal CAl area. (A-C)
Low-magnification images of the CA1 area show a double-immunofluorescent reaction
for the Ky1.1 subunit and the AIS marker Ank-G. An intense neuropil labeling can be
observed with the antibody recognising aa. 478-492 of the Ky1.1 subunit (A). (D)
Immunofluorescent reaction with an antibody raised against a different, non-
overlapping part of the Ky1.1 subunit (aa. 191-208). The identical neuropil labeling
obtained with the two different Ky 1.1 antibodies (A and D) indicates that the
immunoreaction is specific. (E-G) High-magnification images of the SP demonstrate
the colocalisation of the Ky1.1 subunit and Ank-G in the AlSs of PCs. (H-J) A double
immunofluorescence reaction shows the colocalization of Ky1.1 subunit with pan-Nay in
strongly immunopositive AlSs. Scale bars, 100 um (A4-D); 10 um (E-J).
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Figure 8. High-resolution immunogold localization of the Ky1.1 subunit in the CAl
area. (A) A large number of gold particles labeling the Ky1.1 subunit is observed on the
P-face of an AIS. (B) Image of an AIS co-labeled for the Ky1.1 subunit (10 nm gold)
and the AIS marker pan-NF (15 nm gold). (C and D) High-magnification views of the
boxed regions shown in (A) and (B), respectively. Note that both the Ky1.1 subunit (10
nm gold) and pan-NF (15 nm gold) are excluded from the PSD of an axo-axonic
synapse. (E) Gold particles labeling the Ky1.1 subunit are present on the P-face of a
myelinated axon in the alveus. (F) The P-face of an excitatory bouton (b) innervating a
putative spine is labeled for the Ky1.1 subunit (arrows). The PSD of the synapse is
indicated by the accumulation of IMPs on the postsynaptic E-face. (G) A SNAP-25 (15
nm gold) immunopositive bouton, facing the PSD on the E-face of a spine, contains few
gold particles for the Ky1.1 subunit (arrows; 10 nm gold). (H) Bar graphs illustrate
Kv1.1 subunit densities (mean + SD between n = 3 rats) in different axo-somato-
dendritic compartments. Note that the AISs and the axon terminals in the SO and the
proximal (prox.) and middle (mid.) parts of the SR contain significantly greater
numbers of gold particles compared to background (BG; P < 0.001 One-way ANOVA,
P < 0.05 Dunnett’s post hoc test; n = 3 rats). ap., apical; obl., oblique; b, bouton. Scale
bars, 500 nm (A and B); 250 nm (E-G); 100 nm (C and D).
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synapses identified as dense IMP clusters?®® (Figure 8D). In the alveus, strongly Ky1.1
subunit immunoreactive profiles were found surrounded by cross-fractured myelin
sheets (Figure 8E). These structures are likely to correspond to the juxta-paranodal
region of myelinated axons that are strongly labeled in the immunofluorescent
reactions.

Next, | assessed the origin of the neuropil labeling of the SO and SR. Small P-
face membrane profiles containing an AZ and facing a PSD on the opposing spine or
dendritic shaft membrane were consistently labeled (Figure 8F). Double-labeling
experiments for the Ky1.1 subunit and SNAP-25, a member of the SNARE protein
complex restricted to axon terminals™, confirmed that these profiles were axon
terminals (Figure 8G). These axon terminals contained a moderate number of gold
particles, without any enrichment in the AZs. In P-face somatic and dendritic
membranes (main apical and small oblique dendrites), gold particles were not more
numerous than in the surrounding E-face membranes, which I consider as background

labeling.

5.1.3. Densities of Ky1.1 immunogold particles in distinct axo-somato-dendritic

compartments of CA1 PCs

After this qualitative assessment of the reactions, | calculated the densities of the
Kv1.1 subunit in 18 distinct compartments by counting gold particles on P-face
membranes and divided these numbers by the total measured membrane areas (Table 2).
The background labeling was determined on the surrounding E-face plasma membranes
and was found to be 0.3 + 0.1 gold/um? (mean + SD; n = 3 rats). The gold particle
density values were not significantly higher (P < 0.001 One-way ANOVA, P = 0.999
Dunnett’s post hoc test; n = 3 rats) than background in somata, apical dendrites, tuft
dendrites in the SLM, oblique dendrites and dendritic spines. In contrast, gold particle
densities on axon terminals were significantly above background (P < 0.001 One-way
ANOVA, P < 0.05 Dunnett’s post hoc test; n = 3 rats; Figure 8H) in SO, proximal and
middle SR. In distal SR and SLM gold particle densities on axon terminals were very
similar, but the difference from background did not reach significance (P < 0.001 One-
way ANOVA, P = 0.07 Dunnett’s post hoc test; n = 3 rats). These densities on axon
terminals were seven- to eightfold lower (ratios calculated after background subtraction;
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P < 0.001 One-way ANOVA, P < 0.001 Dunnett’s post hoc test; n = 3 rats) than that
found in AlSs.

Table 2. Densities of gold particles labeling Kv1.1 and Ky2.1 subunits in distinct
subcellular compartments of CA1 PCs. Density values are provided in gold/um?
mean + SD (between animals). In parentheses, the number denotes the number of
counted gold particles. Bold indicates density values that are significantly above
background. # indicates that the AIS densities were measured in separate, double-
labeling experiments in which the AISs were molecularly identified with Ky1.1. In this
reaction the background labeling was 0.6 + 0.1 gold/um?.

Quantified subunit Kyl.1 Kv2.1

SO bouton 4.0+ 1.2 (195) 1.1+0.5(47)
AlS 26.2 + 4.9 (2758) 11.5 + 1.8 (900)*
SP soma 0.7+0.2 (704) 10.3+1.1(10501)
SR proximal apical dendrite 0.7+0.2 (98) 9.4+0.5 (3868)
SR middle apical dendrite 0.5+0.2 (80) 1.6 £ 0.1 (377)
SR distal apical dendrite 0.6+0.4(107) 1.1+0.1(415)
SR proximal oblique dendrite 0.5+ 0.3 (30) 1.4+0.2 (126)
SR middle oblique dendrite 0.9+0.1(50) 1.0+ 0.1 (95)

SR distal oblique dendrite 0.8+0.4 (39) 1.2+0.1(97)

SR proximal spine 0.5+0.6 (2) 1.2+ 1.0(10)

SR middle spine 0.8+£0.7 (4) 0.5+£0.9(2)

SR distal spine 02+0.3(2) 1.1+0.2(8)

SR proximal bouton 4.0+ 0.5 (128) 1.4+0.4 (42)

SR middle bouton 3.6+0.7 (158) 1.3+0.2 (45)

SR distal bouton 3.2+£0.6 (137) 1.6 £0.6 (42)
SLM tuft dendrite 1.1£0.6 (74) 1.4+0.2 (221)
SLM tuft spine 0.7+ 0.7 (10) 1.3+0.2(22)
SLM bouton 3.2+ 0.6 (104) 1.1+0.2 (42)
Background 0.3+0.1(97) 0.7+ 0.1 (333)

5.1.4. Distribution and specificity of Ky2.1 subunit immunoreactivity in the CAl

area

For immunofluorescent localization of the Ky2.1 subunit in the CAl area of
adult rat, two antibodies recognizing non-overlapping epitopes of the protein were used
to ensure that the immunosignal was the consequence of a specific antigen—antibody
interaction. When the immunoreactions for the Ky2.1 subunit were analyzed at low
magnification, strong immunolabeling of the SP and proximal part of the SR was

observed (Figure 9A-D), in line with the results of previous work81-186,
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Figure 9. Immunofluorescent localisation of the Ky2.1 subunit in the CAl region of
the rat hippocampus. (A—-C) Low-magnification view of the CA1 area double-labeled
for the Ky2.1 (A) and the Nay1.6 (B) subunits. (A and D) Identical immunofluorescent
labeling pattern obtained with two antibodies recognising different, non-overlapping
parts of the Ky2.1 subunit indicates that the immunoreaction is specific. Arrows point to
the somata of INs. (E-G) High magnification images from the SP demonstrate that the
immunolabeling for the K2.1 subunit is associated with somatic and proximal dendritic
plasma membranes of CAL PCs, as well as with AlSs intensely labeled for the Nay1.6
subunit. (I-K) Higher magnification views of the boxed areas in (E-G) show punctate,
non-uniform labeling for the Ky2.1 subunit along the Nay1.6 immunopositive AlS. Scale
bars, 100 um (A-D); 10 um (E-G); 5 um (I-K).

INs in all CA1 layers also showed somato-dendritic labeling (Figure 9A and D).
High-magnification confocal microscopic images revealed plasma membrane-like
labeling of somata, proximal apical and basal dendrites (Figure 9E). Double-labeling
experiments for Ky2.1 and Nay1.6 (Figure 9E—K) revealed a clustered K,2.1 labeling of
AlSs, confirming the results of Sarmiere et al. (2008)%". Interestingly, high-
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magnification single confocal images indicated that these K.2.1" clusters did not
overlap with the Nay1.6 containing parts of AlSs (Figure 9K).

5.1.5. High-resolution immunogold localization of the K.2.1 subunit in the

hippocampal CA1 area.

Using SDS-FRL, | detected immunogold labeling for the Ky2.1 subunit on P-
face membranes, as expected from an antibody that recognizes an intracellular epitope
(aa. 837-853). Strong K,2.1 immunoreactivity of PC somata and proximal dendrites
was observed (Figure 10A—F). The labeling consisted of scattered and clustered gold

particles in the plasma membrane (Figure 10B and F). To test, whether the distribution
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Figure 10. SDS-FRL localization of the K.2.1 subunit on the somato-dendritic
plasma membranes of CAl1 PCs. (A) A low-magnification electron micrograph
showing the P-face of a PC soma labeled for the Ky2.1 subunit (10 nm gold). (B) High-
magnification view of the boxed area shown in (A). Immunogold particles labeling the
Kv2.1 subunit are accumulated over a loose IMP cluster, whereas some nearby dense
IMP cluster remains unlabeled. (C and D) Low (C) and high (D) magnification images
of the P-face of a CA1 PC soma; 10 nm gold particles labeling the Ky2.1 subunit are
associated with an IMP cluster distinct from the adjacent IMP cluster identified as an
inhibitory synapse by the enrichment of NL-2 (15 nm gold). (E) Low-magnification
image of the P-face of a thick apical dendrite (ap. dendrite) in the proximal SR (prox.
SR) labeled for the Ky2.1 subunit. (F) Enlarged view of the boxed region shown in (E).
Immunogold particles labeling the K.2.1 subunit are concentrated over two IMP
clusters, but scattered labeling is also present. (G and H) A distal (dist.) apical dendrite
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contains very few gold particles labeling the Ky2.1 subunit. Scale bars, 500 nm (A, C, E,
and G); 100 nm (B, D, F, and H).

of gold particles labeling the Ky2.1 subunit is compatible or not with a random process |
used two measures implemented in an open source software by Mikloés Szoboszlay
(Figure 11). First, I computed NND of all gold particles within a somatic plasma
membrane segment and that of random distributed gold particles within the same area
(same number of gold particles placed in the same area, 200 repetitions). In my second
approach, | calculated g(r) for the experimental data and for their corresponding
random controls. Both measures indicated that the distribution of Ky2.1 subunit on CAl
PC soma is significantly different from random (Wilcoxon-signed rank test P < 0.001, n
= 21 somata from 1 rat; Figure 11B and C).

| also observed that some of the K,2.1" gold clusters were located over loose
patches of IMPs, which might be GABAergic perisomatic synapses. To molecularly
identify GABAergic synapses, | performed double-labeling experiments for K,2.1 and
NL-2, a specific marker of inhibitory synapses® (Figure 10C and D). These reactions
revealed that the K,2.1 subunit was absent from NL-2-containing areas, but
occasionally the Ky2.1" and NL-2* clusters were close to each other. Distal apical
dendrites (Figure 10G and H), oblique dendrites, dendritic spines and axon terminals

rarely contained any gold particles. The non-uniform distribution of gold particles
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Figure 11. Non-random distribution of K2.1 subunit on CAl PCs. (A) A P-face
plasma membrane fragment of a CA1 PC cell labeled for the Ky2.1 subunit. (B and C)
Comparison of the distribution of Ky2.1 labeling with random distributions (mean of n =
200 random) based on mean NND (B) and mean g(r) (C). Both measures indicate that
the Ky2.1 labeling in these synapses is significantly different from random (P < 0.001
Wilcoxon-signed rank test; n = 21 somata). Open circles correspond to individual
images, filled circles indicate the example shown in (A), the red symbols represent
mean + SD. Scale bar, 200 nm.
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labeling for the Ky2.1 subunit was also characteristic for AISs (molecularly identified
with either Nay1.6 or Ky1.1; Figure 12A-D), but K,2.1 clusters never overlapped with
presumed axo-axonic synapses (Figure 12B and D) and also showed a segregation from
the Nay1.6 (Figure 12A and B) and Ky1.1 (Figure 12C and D) labeling.

Next, | performed a quantitative comparison of the Ky2.1 densities in 18 axo-
somato-dendritic compartments of CA1 PCs (Table 2). The densities of immunogold
particles for the Ky2.1 subunit in the somato-dendritic compartments and axon terminals
were calculated from single-labeling experiments. Somata and proximal apical dendrites
contained high densities of gold particles, which were significantly (P < 0.001 One-way
ANOVA, P < 0.001 Dunnett’s post hoc test; n = 3 rats; Figure 13A) higher than

Figure 12. The Kv2.1 subunit is spatially segregated from Kyl1.1 and Navl.6
subunits within the AlISs of CAl PCs. (A and B) Low-magnification (A) and high-
magnification (B) images of the P-face of an AIS co-labeled for the K,2.1 (10 nm gold)
and Nay1.6 (15 nm gold) subunits. The regions immunolabeled for the K,2.1 and Nay1.6
subunits seem mutually exclusive. (C and D) Low-magnification (C) and high-
magnification (D) images of an AIS co-labeled for the K,2.1 (10 nm gold) and Ky1.1
(15 nm gold) subunits. Gold particles labeling the K2.1 subunit are concentrated over
an IMP cluster, but excluded from the PSD of a putative axo-axonic synapse. Scale
bars, 500 nm (A and C); 100 nm (B and D).

background. The densities of the Ky2.1 subunit in apical dendrites in the middle and
distal SR, SLM tuft dendrites, oblique dendrites, dendritic spines, and axon terminals
were not significantly different from the nonspecific background labeling (P < 0.001
One-way ANOVA, P > 0.26 Dunnett’s post hoc test; n = 3 rats). The density of the

Kv2.1 subunit in AlSs was calculated from double-labeling experiments with the Ky1.1
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subunit. The strength of the Ky2.1 labeling of somata (11.4 + 3.8 gold/um?) in these
double-labeling experiments was very similar to that found in single-labeling reactions
(P = 0.66, unpaired Student’s t-test). AISs contained, on average, 11.5 + 1.8 gold/pum?,
which did not differ significantly from the gold particle content of somata (P = 0.97,
unpaired Student’s t-test), but was significantly above the background (P < 0.01 One-
way ANOVA, P < 0.01 Dunnett’s post hoc test; n = 3 rats; Figure 13B).
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Figure 13. Densities of gold particles labeling the K.2.1 subunit in different
subcellular compartments of CA1 PCs. (A) Bar graphs show the Ky2.1 subunit
densities (mean + SD Dbetween animals) in different axo-somato-dendritic
compartments. Significant densities of gold particles labeling the Ky2.1 subunit are
found on the somata and proximal apical dendrites (ap. dendrites) of CA1 PCs (P <
0.001 One-way ANOVA, P < 0.001 Dunnett’s post hoc test; n = 3 rats). (B) Gold
particle density for the Ky2.1 subunit on the AISs of CAl1 PCs was significantly
different from the background (BG; P < 0.01 One-way ANOVA, P < 0.01 Dunnett’s
post hoc test; n = 3 rats). These data were obtained from double-labeling experiments
for the Ky2.1 and Ky1.1 subunits. Gold particle densities for the Ky2.1 subunit on PC
somata was similar in single- and double-labeling experiments (cf. A and B). obl.,
oblique; prox., proximal; mid., middle; dist., distal.
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5.2. Target cell type-dependent localization of voltage-gated Ca?* channels in CA3

PC axon terminals

5.2.1. Cav2.1 and Cav2.2 subunit densities in presynaptic AZs of CA3 PC axon

terminals contacting Kv3.1b and mGluia immunopositive dendrites

In the next set of experiments, | tested the hypothesis that different Cay channel
densities in presynaptic AZs underlie different P; values®’*. | chose CA3 PC local axon
terminals in the SO of young rats as the subject of my study. These axons establish
synapses onto fast-spiking PV-containing INs, which show high initial Pr and short-
term depression, whereas next bouton of the same axon has low initial Pr and displays
short-term facilitation when its postsynaptic target is mGluia and somatostatin
expressing IN. The functional characterization of these synapses was performed by
Timea Eltes and Noémi Holderith in our laboratory?®. | performed SDS-FRL to
quantitatively compare the immunogold labeling for Cay subunits in presynaptic AZs
that synapse onto distinct IN types. To achieve this, the postsynaptic targets of the axon
terminals need to be identified. This requires the use of face-matched ‘mirror replica’
technique’ and the molecular identification of the target IN types because the type of
IN from small fractured membrane segments cannot be determined based on
morphological features (Figure 15 and Figure 16). One replica was immunoreacted to
identify IN dendrites; its mirror surface was labeled for a Cay subunit and all subcellular
structures (dendrites, AZs) were identified in both replicas. The metabotropic mGluza
receptor is a transmembrane protein that is expressed in the somato-dendritic plasma
membrane of hippocampal INs and specific antibodies are available that can be used for
replica labeling?®. PV is a cytoplasmic protein that cannot be detected with SDS-FRL,
so | identified somato-dendritic regions of fast-spiking PV* INs based on the presence
of immunogold labeling for the K.3.1b voltage-gated K* channel subunit!**, Both
mGluz. and K,3.1b antibodies recognize intracellular epitopes and thus label the P-face
of dendritic plasma membranes. Many membrane segments are attached to these IN
dendrites that represent the E-face of presynaptic axon terminals. Because my
antibodies against Cay subunits recognize intracellular epitopes (label on the P-face),
they cannot be used to localize these channels in these attached axonal E-face
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membranes. The P-faces of these dendrite-attached presynaptic membranes are present
in the mirror replicas. Because the release of glutamate from these axon terminals are
mainly mediated by Ca,2.1 and Cay2.2 subunits®®4, I localized both subunits. The rabbit
anti-Cav2.1 antibody used in the experiments provides identical labeling to that
observed with another Cay antibody raised in guinea pig, which specificity was verified
in tissue obtained from Ca,2.17 mice?*. The specificity of the Ca,2.2 immunolabeling
was validated on hippocampal tissue of Ca,2.2*'* and Ca,2.2"- mice (Figure 14A, B, D
and E). The labeling pattern in Cay2.2*"* mice tissue was similar to that observed in rats
(Figure 14C and F).

Ca22e0m Figure 14. The Ca2.2
g subunit immunolabeling is
abolished in Ca,2.2”- mice.
(A—C) Perisomatic axon
. terminals are labeled for the
Ca2.2 subunit in a
v Ca,2.2*"* mouse (A) and in
< ] eelEe s a Wistar rat (C). In Cay2.27
Gafv?'?(Rb)mnm%Jﬁay “Royeam  MICE only non-labeled
= ¥ \ .| profiles were observed in
- the SP (B). (D-F) Ca2.2
labeling is concentrated in
putative AZs facing a PSD
on the opposing E-face in
replicas from a Ca,2.2*"*
mouse (D) and a Wistar rat
(F). The Cav2.2 labeling was
absent from AZs in Cay2.27
mice (E). Scale bars, 200
nm.

In rats, the dendrite-attached P-face membrane segments were often labeled for
the Cav2.1 subunit and the gold particles were concentrated over areas that had an
elevated density of IMPs, corresponding to the AZs™ (Figure 15A-N). The normalized
density of gold particles within the AZs was significantly larger than that found in the
surrounding E-face plasma membranes (defined as background; P < 0.0001 Kruskal—
Wallis test, P < 0.0001 post hoc Mann-Whitney U test tests with Bonferroni correction),
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Figure 15. The density of Cav2.1 subunit is 1.15 times larger in the AZs of K\3.1b*
compared with mGluiwa* dendrite-targeting boutons. (A and B) Corresponding
electron microscopic P-face and E-face images of a Ky3.1b* (expressed in PV* cells)
cell receiving several excitatory inputs (orange in B). (C and D) Higher-magnification
images of the boxed areas in (A) and (B) show a perisomatic E-face membrane with
attached P-face fragments of boutons (be-race) CONtaining AZs (orange in D). AZs are
indicated by the loose cluster of IMPs. (E) Higher-magnification view of the boxed
areas in (D). (F-H) Another example of an intensely Ca,2.1 labeled AZ attached to a
Kv3.1b* dendrite. (I and J) P-face and E-face images of an mGlui,-immunoreactive
dendrite contacted by axon terminals with AZs (cyan in J). (K) Higher-magnification
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image of the boxed area in (J). (L-N) Another mGluia dendrite-attached AZ with
intense Cav2.1 labeling. (O) Normalized densities of gold particles labeling the Cay2.1
subunit within presynaptic AZs (syn.), extrasynaptic bouton membranes (extrasyn.), and
surrounding E-face membranes (background: BG, gray) obtained from five rats. Post
hoc Mann-Whitney U test tests with Bonferroni correction after Kruskal-Wallis test (P
< 0.0001) demonstrated a significant difference between the synaptic and background
labeling (P < 0.0001), and between the synaptic compartments of K,3.1b™ and mGlu1."
dendrite-targeting boutons (P < 0.001). Circles indicate individual measurements of
AZs, boxes indicate IQRs, and horizontal bars indicate medians. (P) NND was
calculated for each gold particle within an AZ and the mean value (NND) is plotted
against the NND of randomly placed gold particles (repeated 1000 times) for each AZ
contacting Kv3.1b™ (n = 43) or mGluix* (n = 72) dendrites. Wilcoxon signed rank test
revealed a significant difference (P < 0.0001) between the data and the random
distributions for both AZ populations. (R) Comparison of the mean 2D spatial
autocorrelation functions (g (r)) measured in individual K,3.1b* (n = 43) or mGluia* (n
= 72) dendrite-targeting AZs to their simulated random controls (repeated 1000 times).
Wilcoxon signed-rank test revealed significant differences (P < 0.0001) between the
data and the random distributions for both AZ populations. Scale bars, 2 um (4 and B);
250 nm (C,D, F, G, 1,J, L and M); 100 nm (E, H, K and N).

whereas the Cay2.1 subunit density in extrasynaptic bouton membranes was similar to
that of the background (P < 0.0001 Kruskal-Wallis test, P > 0.05 post hoc Mann-
Whitney U test tests with Bonferroni correction; Figure 150). | performed these
experiments in five animals and analyzed a total of 112 and 172 AZs attached to
Kv3.1b" and mGlui,* dendrites, respectively, in the SO of the CA3 area. Quantitative
comparison of the two AZ populations revealed an overall 1.15 times higher density in
Kv3.1b* dendrite-targeting AZs (P < 0.0001 Kruskal-Wallis test, P < 0.001 post hoc
Mann-Whitney U test tests with Bonferroni correction; Figure 150; for non-normalized
gold densities see Table 3) Next, | conducted the same investigation for the other major
Cay subunit (Cay2.2; Figure 16).

Presynaptic P-face plasma membranes attached to Ky3.1b* (n = 52) or mGlusa*
(n = 114) dendrites were also heavily labeled for the Cay2.2 subunit (Figure 16A-1).
Gold particles were confined to the AZs, where their densities were significantly higher
than the background (P < 0.0001 Kruskal-Wallis test, P < 0.0001 post hoc Mann-
Whitney U test tests with Bonferroni correction; Figure 16J). Cay2.2 subunit densities
also showed a 1.20-fold higher value in K,3.1b" compared with mGlui," dendrite-
targeting AZs, but the difference did not reach significance (P < 0.0001 Kruskal-Wallis
test, P > 0.02 post hoc Mann-Whitney U test tests with Bonferroni correction; Figure

16J; for non-normalized gold densities, see Table 3).
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Figure 16. The densities of Cav2.2 subunit in AZs of PC boutons targeting Kv3.1b*
and mGluia® dendrites. (A and B) A K,3.1b dendrite (dendritep-face in A) is contacted
by boutons with P-face (bp-tace) membranes that show strong Cay2.2 subunit reactivity in
their AZs (orange in B). (C and D) High-magnification images of the boxed areas
shown in (A) and (B), respectively. (E and F) P-face bouton membranes contacting an
mGlu1," dendrite (dendritep-face in E) contain Cay2.2 subunit immunolabeled AZs (cyan
in F). (G-I) Enlarged views of the boxed areas in (E) and (F). (J) Normalized densities
of gold particles labeling the Cay2.2 subunit within presynaptic AZs (syn.) and
extrasynaptic membranes (extrasyn.) of boutons contacting Kv3.1b* or mGlui," profiles
and in surrounding E-face membranes (background: BG, gray). Post hoc Mann-
Whitney U tests with Bonferroni correction after Kruskal-Wallis test (P < 0.0001)
demonstrated a significant difference between the synaptic and background labeling (P
< 0.0001).Circles indicate individual measurements of AZs, boxes indicate IQRs, and
horizontal bars indicate medians. (K) Comparison of NND’s measured in 21 K,3.1b*
and 40 mGluia* dendrite-contacting AZs to their random controls (repeated 1000 times).
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Wilcoxon signed-rank test revealed significant difference (P < 0.0001) between the data
and the random distributions for both AZ populations. (L) g(r) of individual Ky3.1b*
(n = 21) or mGlu1a* (n = 40) dendrite-targeting AZs is plotted against the g(r) of their
random controls (repeated 1000 times). Wilcoxon signed-rank test revealed significant
differences (P < 0.0001) between the data and the random distributions for both AZ
populations. Scale bars, 250 nm (A, B, E and F); 100 nm (C, D, G, H and I).

5.2.2. Non-random distribution of the Cav2.1 and Cav2.2 subunits in presynaptic
AZs contacting Kv3.1b and mGluia immunopositive dendrites

Finally, | investigated whether the sub-AZ distribution of the gold particles
labeling the Cay subunits is compatible with a random process. To test this, | computed
the NND and the g(r) then compared the real anti-Ca,2.1 immunogold distribution data
in 43 Ky3.1b* and 72 mGlui." dendrite-targeting AZs (fractured in their completeness)
with their corresponding random distributions (same number of gold particle placed
randomly in the same area, 1000 repetitions). Both measures revealed that the actual
data were significantly different from random distributions (P < 0.0001 Wilcoxon
signed-rank test; Figure 15P and R). A similar result was obtained for the Ca,2.2
subunit in 21 (Ky3.1b) and 40 (mGluw) AZs (P < 0.0001 Wilcoxon signed-rank test;
Figure 16K and L). The significantly lower mean NNDs and the g(r) > 1 in both
Kv3.1b" and mGlui," dendrite-innervating AZs demonstrate spatial inhomogeneities of

gold particles within these AZs.
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Table 3. Properties of Cav immunoreactivities in Ky3.1b* and mGluia® dendrite-
innervating axon terminals. Density values are calculated from the medians of 5
(Cav2.1) and 4 (Cav2.2) rats. For the NND calculations AZs fractured in their
completeness were subselected and pooled together from the same rats.

Kv3.1b* dendrite-targeting mGluia" dendrite-targeting
boutons boutons

Mean SD | Median n Mean | SD | Median n

Cav2.1 subunit
density in AZs 373 47 370 112 321 46 325 172
(gold/um?)

Cay2.2 subunit
density in AZs 151 30 139 52 130 39 130 114
(gold/um?)

Cav2.1 subunit
density in

extrasynaptic 214 | 2.46 2.21 93 2.88 | 2.64 2.23 174
membranes
(gold/um?)

Cav2.2 subunit
density in

extrasynaptic 2.69 3.15 2.35 48 1.02 | 1.26 0.75 113
membranes
(gold/um?)

Background Cay2.1
subunit density 227 | 193 | 294 132 | 2.27 | 1.93 2.94 132
(gold/um?)

Background Cay2.2
subunit density 066 | 0.33 | 0.62 104 | 0.66 | 0.33 0.62 104
(gold/um?)

Cav2.1 NND

: 24.7 4.0 23.3 43 | 243 | 4.6 23.1 72
distance (nm)

Cav2.2 NND

: 32.1 7.2 30.3 21 | 320 | 83 28.7 40
distance (nm)
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5.3. Input cell type-dependent localization of voltage-gated Ca?* channels in basket
cell axon terminals of the hippocampal CA3 area

5.3.1. Segregation of presynaptic Cav channels in CCK* and PV* axon terminals

targeting the somatic region of CA3 PCs

In the final part of my work, | examined the distribution of Cay channels in IN
axon terminals targeting the soma of CA3 PCs. The somatic region of PCs is contacted
almost exclusively by basket cells expressing either PV or CCK/CB1*'*?%, Previous
experiments employing subtype-specific Cay channel blockers indicated that GABA
release from CCK/CB1" neurons is almost exclusively mediated by N-type channels,
whereas PV* INs rely on P/Q-type channels?’427>2%, However, direct experimental data
iIs not available concerning the localization of these subunits on these terminals.
Therefore, | carried out high-resolution SDS-FRL of the Cay2.1 and Cay2.2 subunits in
axon terminals targeting the soma of CA3 PCs in adult rats. As the antibodies against
the Cay subunits recognize intracellular domains of the target molecules, | focused on P-
face segments of axon terminals attached to E-face somatic membranes. To differentiate
between the two populations of axon terminals contacting the somatic region of PCs, I
identified the axon terminals as CCK-containing boutons if they were immunolabeled
for CBy, and PV™ if they were CB1 immunonegative. To prove this assumption, first |
preformed double-labeling experiments for CB1 and VGAT, to show that the P-face
membrane segments attached to E-face somatic membranes are GABAergic, while a
subset of them is CB1 immunoreactive (Figure 17A and B). Secondly, | colocalized of
CB: with synaptotagmin-2, the Ca?* sensor specific to PV* axon terminals in the
hippocampus and cortex?*”2%, As expected, the axon terminals segregated into two
non-overlapping populations: the CB1 and the synaptotagmin-2 immunopositive profiles
(Figure 17C and D), confirming that immunolabeling for CB: in itself is enough to
distinguish between CCK™ and PV* boutons. The specificity of the CB1 immunosignal
was validated in replicas from CB:** and CB;” mice. In mice, the antibodies raised
against the CB; also labeled VGAT immunopositive profiles in the SP (Figure 18A and
B), and the CB; signal completely disappeared in brain section obtained from CBi™
mice (Figure 18C-F).
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Figure 17. Segregation of soma-targeting GABAergic boutons based on CBi
immunoreactivity in the rat CA3 area. (A) Double-labeling experiment for CB1 (15
nm gold) and VGAT (10 nm gold) demonstrates that the CB1 immunopositive P-face
profile is a GABAergic axon terminal (b2). Note that not all VGAT labeled terminals
contain CB;1 (b1). (B) Background-subtracted density values for CB1 and VGAT in
VGAT immunopositive axon terminals are shown. (C) Colocalization of CB; (15 nm
gold) and synaptotagmin-2 (10 nm gold) revealed that these proteins are fully exclusive
on soma-tageting axon terminals. (D) Background-subtracted density values for CB:
and synaptotagmin-2 in P-face segments of axon terminals attached to E-face somatic
membranes are shown. In (B) and (D) each symbol represents an individual bouton (n =
1 rat). Gp: guinea pig; Rb: rabbit. Scale bars: 200 nm.

When | performed colocalization of CB; and Cav2.2, | found that many CB:
immunopositive terminals attached to E-face somatic membranes contained the Cay2.2
subunit, but the Ca,2.2" profiles were almost always CB:" (94%; Figure 19A-D).
Double-labeling experiments for the CB; and Cay2.1 subunit revealed that the CB1
immunopositive boutons almost never contained the Cay2.1 subunit (95% were Cav2.1
immunonegative; Figure 19E-G). Finally, double immunolabeling for the Cay2.1 and
Cav2.2 subunits further confirmed the segregation of these Cay subunits in axon terminal

membrane segments fractured onto PC somata: 89% of the fractured membranes had
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either Cav2.1 or Cav2.2 labeling (Figure 19H-K). Taken together, these experiments
provide morphological evidence for the exclusive role of these Cay subunits in PV* and
CCK™* basket cell axon terminals. It is important to note that the segregation of Cay
channels could also be observed in mice (92% of the fractured membranes had either
Cav2.1 or Cay2.2 labeling; Figure 20) where the specificity of the Cay antibodies was
tested (see chapter 5.2.1.).
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Figure 18. Testing the specificity of the CB1 immunolabeling with SDS-FRL. (A)
Double-labeling experiments for CB1 (15 nm gold) and (VGAT, 10 nm gold) reveal
that the CBz-immunolabeled profiles are GABAergic axon terminals (b2), but not all
VGAT-labeled terminals contain CB: (b1). (B) Background-subtracted density values
for CB1 and VGAT of VGAT immunopositive axon terminals are shown from two
mice. Symbols represent individual boutons. (C-F) The CB: immunolabeling is
abolished in CB;1”" mice. A perisomatic axon terminal is co-labeled with two CB;
antibodies in a CB1** mouse (b2 in C), while another is unlabeled (presumed PV*
axon terminals, b1 in C). In CB1” mice only unlabeled profiles could be observed in
the SP (bl in D). A VGAT (10 nm gold) immunolabeled axon terminal is strongly
CB1 immunopositive (15 nm gold, b2 in E) in a CB1*'* mouse, but all VGAT* boutons
are immunonegative in the CB1” tissue (bl in F). Rb, rabbit; Gp, guinea pig. Scale
bars, 200nm.
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Figure 19. CB1 immunopositive axon terminals contain the Cav2.2, but not the
Cav2.1 subunit in the rat hippocampus. (A and B) A perisomatic axon terminal (b2 in
A) and a P-face section of an axon terminal (b2 in B) attached to somatic E-face
membrane are co-labeled for CB1 (10 nm gold) and Cav2.2 subunit (15 nm gold), while
another one is unlabeled (b1). (C) An excitatory axon terminal contains only Cay2.2
subunit, but not the CB1 (orange). (D) Background-subtracted gold particle densities for
CB: and Ca\2.2 of P-face fragments attached to somatic E-face membranes are shown
(n =1 rat). (E) CB1 (10 nm gold, b2) or Cay2.1 subunit (15 nm gold, b1) containing P-
face axon terminal fragments are attached to a somatic plasma membrane. (F) The AZ
of an excitatory axon terminal contains Cav2.1 subunit (orange). (G) Background-
subtracted gold particle densities for CB:1 and Cay2.1 subunit of P-face axon terminal
sections attached to the E-face somatic membranes (n = 1 rat). (H-J) Perisomatic axon
terminals contain either Ca,2.2 (b2 in H and I) or Cay2.1 (bl in I) subunit, while an
excitatory axon terminal contains both subunits (orange in J). Enlarged views of boxed
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areas of (I) are shown on the bottom and on the right. (K) Background-subtracted gold
particle densities for Cay2.2 and Cay2.1 subunits measured in axon terminal fragments
attached to E-face somatic membranes. In panels (A—C), (E), (F), (H-J) putative AZs
are pseudocolored for illustrative purposes. In (D), (G) and (K) every symbol represents
a P-face fragment with an area between 0.010 um? and 0.207 pm? (n= 1 rat). Gp: guinea
pig; Rb: rabbit. Scale bars: 200 nm.
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Figure 20. CB:i-immunopositive axon terminals express the Cav2.2, but not the
Cav2.1 subunit in the mouse hippocampus. (A) A P-face axon terminal
fragment attached to an E-face somatic membrane is co-labeled for CB; and Cay2.2
subunit (b2), while another is unlabeled (b1). (B) Background-subtracted densities for
CB; and Cay2.2 subunit in P-face axon terminal sections. The CB1 immunopositive
profiles were either Cay2.2 positive or negative, but the majority (84.2%) of the Cay2.2
subunit immunopositive profiles containe the CBi1. (C) Double-labeling experiments
reveal that the P-face axon terminal fragments attached to E-face somatic membranes
are labeled for either Cav2.2 (b2) or Cav2.1 (b1) subunit. The AZ of an excitatory axon
terminal (b) contains large number of gold particles for both Cay2.2 and Cay2.1 subunits
(orange, inset). (D) Background-subtracted density values for Cay2.2 and
Cav2.1 of P-face bouton fragments. Enlarged views of boxed areas of (A) and (C) are
shown on the right. In (A) and (C) panels putative AZs are pseudocolored for
illustrative purposes. In (B) and (D) every symbol represents a P-face fragment with an
area between 0.010 um? and 0.207 pm? (pooled from n= 2 mouse). Gp: guinea pig; Rb:
rabbit. Scale bars: 500 nm (A and C); 100 nm (enlarged views of A); 200 nm (enlarged
views and inset in C).
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5.3.2. Cav2.2 and Cav2.1 subunits are enriched in putative AZs of CCK* and PV*

axon terminals of the CA3 area

The gold particles labeling the Cay2.2 and Cav2.1 subunits were restricted to
sub-areas of the axon terminal segments, which might correspond to AZs. In contrast to
excitatory AZs, where these Cay subunits were enriched in AZs identified by the high
density of IMPs’® (Figure 19C, F and J, Figure 20B inset), in soma-targeting
GABAergic axon terminals this morphological feature was absent. This observation

entails that AZs on these boutons can only be identified by using molecular markers for
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Figure 21 P-face sections of axon terminals attached to E-face somatic membranes
contain AZs in the rat CA3 area. (A and B) CB: immunopositive (b2, 10 nm) and
negative (b1) axon terminals are attached to an E-face somatic plasma membrane. Both
axon terminals contain a Rim1/2* AZ (blue). (C) The AZ of an excitatory terminal
(orange) also contains gold particles labeling Rim1/2. In (A—C) panels AZs are
pseudocolored for illustrative purposes. (D) Background-subtracted density values for
CB: and Rim1/2 measured in P-face axon terminal sections attached to the E-face
membrane of PC somata. A total of 52% of axon terminal fragments were double
negative, while 14.4% were only Rim1/2 immunopositive, 16.3% were only CB:* and
the remaining 17.3% contained both Rim1/2 and CB; labeling. In (D) every symbol
represents a P-face fragment with an area between 0.010 pm? and 0.207 um? (n= 1 rat).
Gp: guinea pig; Rb: rabbit. Scale bars: 200 nm.

AZ proteins. For this reason, | performed labeling of Rim1/2, a protein restricted to
excitatory and inhibitory AZs*°. My results show that 32% of P-face membranes
fractured to large E-face somatic membranes contained AZs (n = 1 rat; this ratio was
24% in mice, data pooled from n =2 mice); in all cases without underlying high density
of IMPs (Figure 21A and B). Furthermore, the Rim1/2 immunolabeled AZs showed
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great variability in size, shape and number, similarly to the Cay2.2-enriched areas
(Figure 21A and B). This finding is consistent with the shapes, sizes and number of AZs
obtained from 3D electron microscopic reconstructions of CCK* perisomatic boutons
performed by Noémi Holderith in our laboratory®®. In Ca,2.1 and Ca,2.2 double-
labeling experiments, the proportion of labeled profiles was similar to the Rim1/2
experiments (43% in rats and 20% mice), further supporting the notion that Cay subunits
are localized within AZs on these boutons.

Finally, the double-labeling experiments for CB1 and the presynaptic AZ marker
Rim1/2 also revealed an extensive colocalization of the two proteins in rats (Figure 21A
and B and Figure 22) and mice (not shown), providing evidence for the presence of CB1
in presynaptic AZs. My immunoreactions also revealed heterogeneity in the CB:

content of AZs; some Rim1/2* AZs were strongly labeled, whereas others were

apparently immunonegative.

Figure 22. Variab-
ility in the CB:
content in AZs of
. CB: immuno-
reactive axon
terminals in the rat
hippocampus. (A-
C) Axon terminals
contain a variable
number of
immunogold par-
ticles for CB1 (10 nm
gold, b2) in their
AZs (blue, labeled
by Rim1/2 with 15
nm gold). Around
the CBi" axon
terminals, CB:*

‘ S 4 Dboutons (bl) also
contain Rim1/2* (15 nm gold) AZs. In all panels putative AZs are pseudocolored for
illustrative purposes. Gp: guinea pig; Rb: rabbit. Scale bars: 200 nm.
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6. Discussion

In my dissertation, | investigated the distribution of different voltage-gated ion
channels in the hippocampus. | employed the highly sensitive, high-resolution
quantitative electron microscopic immunogold method SDS-FRL to address my aims,
and exploited the potential of this method to localize my proteins in small subcellular
compartments, usually unresolvable and inaccessible with traditional light microscopic
immunohistochemical and electrophysiological methods.

In the first part of the study | provided a quantitative surface map of two
delayed-rectifier Ky channel subunits on hippocampal CA1 PCs. Afterwards, | revealed
target cell type-dependent differences in Cay densities in presynaptic AZs of CA3 PC
axon terminals contacting two distinct types of INs. Finally, | provided morphological
evidence for the exclusive expression of Ca,2.2 and Ca,2.1 Ca®* channel subunits by
CCK/CB1" and PV* basket cell boutons contacting CA3 PCs.

6.1. The Ky1.1 subunit is restricted to axonal compartments of CA1 PCs

In the first part of the study, | revealed a novel distribution pattern of the Ky1.1
delayed-rectifier Ky channel subunit on the surface of hippocampal CAl PCs. Using
SDS-FRL, | detected the highest gold particle density for the Ky1.1 subunit in AlSs of
CALl PCs, in accordance with my immunofluorescent reactions and previous reports
using light microscopy. Immunofluorescent labeling of Ky1.1 revealed an intense,
homogeneous neuropil labeling in SO and SR that could originate from axonal or
dendritic profiles. Although Ky1 channels are generally considered ‘axonal’ channels,
associating the neuropil labeling with axons without experimental evidence might be
premature because Kyl subunits could also be present in somato-dendritic
compartments as shown in, e.g., the ventral cochlear nucleus®®. Therefore, I used the
highly sensitive SDS-FRL method to assess the origin of the neuropil labeling. | could
not detect any Ky1.1 subunit in the somato-dendritic compartments of CA1 PCs, but
found immunogold particles in axon terminals. It is important to note that glutamatergic
axon terminals in SR mainly originate from CA3 PCs and those in the SLM from layer
3 PCs of the entorhinal cortex. In SO, there is a mixture of local collaterals of CA1 PCs
and Schaffer collaterals of CA3 PCs. Thus my result regarding the axonal labeling of

SR and SLM does not directly prove that this ion channel is present in the same density
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in CA1l PCs. However, the similar gold densities in axon terminals of SO and SR
suggest that the Ky1.1 density of local axon collaterals of CA1 PCs is similar to that of
Schaffer collaterals. Nevertheless, within SNAP-25 immunopositive axon terminals, the
Kv1.1 subunit is apparently homogeneously distributed without any preferential
accumulation within or nearby the AZs. The density of Ky1.1 in axon terminals was
approximately eightfold lower than in AISs. This eightfold difference in the density
might not be the only difference in these two axonal compartments, because a potential

300 that alter the kinetic properties of

differential distribution of associated 3 subunits
Kvl channels could add another layer of complexity. In addition, the subunit
composition of heteromeric Ky1 channels might also be different in these two axonal
compartments. Homomeric Ky1.1 channels are retained in endoplasmic reticulum®,
suggesting the presence of heteromeric functional channels in the plasma membranes. In
CAl PCs, Kyl1.1, Ky1.2 and Ky1.4 are the most abundantly expressed Kyl subunits
(http://brain-map.org). In AlISs'®® and juxta-paranodal regions of myelinated axons®®,
immunolabeling for the Ky1.1 and Ky1.2 subunits showed a very similar distribution
pattern, suggesting that they might form heteromeric channels in these compartments.
The neuropil of the CA1 area is strongly labeled for the Ky1.1 and Ky1.4, but not the
Kyv1.2 subunit!®®!7 indicating that in presynaptic glutamatergic terminals the K,1.1
subunit might be co-assembled with the Ky1.4 subunit, similar to other axon terminals

containing fast-inactivating, a-dendrotoxin-sensitive outward currents®.

6.2. Axo-somato-dendritic distribution of the Kv2.1 subunit

| also determined the distribution of the K.2.1 subunit, which is the most
ubiquitously expressed Ky channel subunit in the brain. It is responsible for mediating
the majority of the delayed-rectifier K™ current in various types of neurons and it is
thought to shape AP trains during high frequency firing'’%18%3% In agreement with
previous traditional light microscopic results'®-18’ | detected the highest density of gold
particles labeling the Ky2.1 subunit in AISs, somatic and proximal dendritic plasma
membranes. These compartments contained the Ky2.1 subunit at similar densities. Ky2.1
subunits have been shown to form clusters in neuronal plasma membranes!®.18, Altered
neuronal activity induces calcineurin-mediated dephosphorylation and dispersion of the

clustered channels, which is paralleled by changes in their biophysical
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properties!®11883% 1n my immunogold reactions, both clustered and scattered K,2.1
subunits were present in the axo-somato-dendritic plasma membranes, suggesting the
presence of K,2.1 channels in differential phosphorylated states. Due to its high
sensitivity, SDS-FRL allows the detection of proteins in compartments where they are
expressed at low densities. | was able to detect the scattered K,2.1 subunits in AlISs,
somata and proximal dendrites, where their average density is moderate (~ 10 gold/um?)
but their out-of-cluster density is very low. However, | was still unable to detect this
subunit in other dendritic compartments (e.g. oblique dendrites and spines). Pre-
embedding immunogold experiments localized the Ky2.1 subunit adjacent to inhibitory
PSDs!8. I was not able to detect gold particles inside the NL-2-containing GABAergic
PSDs, but Ky2.1 clusters were often formed within less than a micrometer distance from
perisomatic GABAergic synapses. Somato-dendritic Ky2.1 clusters have been found
over subsurface cysternal organelles and their role in Ca®" signaling has been
proposed®, but whether and how they affect neighboring K.2.1 channel function

remain to be determined.

6.3. Kv2.1 and Kv1.1 subunits are segregated within the AIS of CA1 PCs

An intriguing finding of the first part of my work is that the Ky1.1 subunits and
the clustered K.2.1 subunits occupy discrete, non-overlapping subdomains within the
AlISs of CAl1 PCs. The AIS is a highly specialized subcellular compartment,
accumulating voltage-gated ion channels at high densities, especially Nay channels,
thereby ensuring the lowest threshold for AP generation'®. Various mechanisms
control the expression of ion channels in the AIS. Ank-G anchors Nay channels as well
as K7 channels in the AIS via direct binding?°>%%3%_ Expression of the Ky1 channels
in the AIS depends on different mechanisms involving PSD-93'%2, Caspr2®®’ and
recently the contribution of the cytoskeletal linker protein 4.1B has also been
proposed®. Interestingly, although anchored by different proteins in the AISs, the
Kvl.1 and Ky1.2 subunits occupy the same plasma membrane areas as the Nayl.6
subunit (Figure 7 and Figure 8; see also %°). Previously, nonhomogeneous labeling for
Ank-G, NF and the Nay1.6 subunit was found within the AIS of CAl PCs, where
discrete patches remained unlabeled, and were identified as PSDs of axo-axonic

synapses®. Similarly, here 1 found that small clusters of the K,2.1 subunits avoided
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plasma membrane areas rich in the Nay1.6 (Figure 9E-K and Figure 12A and B) and
Kv1.1 (Figure 12C and D) subunits. However, my reactions also demonstrated that these
Kv2.1 clusters are also distinct from GABAergic axo-axonic synapses. They were not
only morphologically different, but often separated by Nay1.6- and Kyl.1-rich
membrane areas. AlSs are also polarized along the proximo-distal axis, having high
density of Nay1.1 and Nay1.2 subunits in the proximal regions and Nay1.6, K\1.1 and
Kv1.2 subunits in the more distal part®®®°, The distribution of the K,2.1 subunit does
not seem to follow such a tendency, as clusters are uniformly distributed along the
entire length of the AIS of CA1 PCs. We hypothesize that these compartments are not
necessarily electrically distinct, but these channels might require differential regulation
and association with intracellular signaling cascades, which could underlie their sub-

micrometer segregation.

6.4. Unique distribution patterns of distinct ion channels in CA1 PCs.

Hippocampal CA1 PCs have been the subject of many functional, structural and
molecular investigations. There is a large body of experimental data revealing the
presence of voltage- and ligand-gated ionic currents in different subcellular
compartments. Electrophysiological recordings detected a similar increase in the density
of the hyperpolarization-activated mixed cation current (In) and la in the main apical
dendrites of CA1 PCs*4 suggesting a very similar distribution of the underlying
HCN1/2 and K.4.2 subunits. However, electron microscopic immunogold studies
performed by my colleagues revealed that the subcellular distribution of the HCN13%°
and K4.2'7° subunits are markedly different. Consistent with the electrophysiological
findings, a distance-dependent increase in the density of the HCN1 subunit was found in
distal dendritic shafts®®. In contrast, the Ky4.2 subunit showed only a moderate (70%)
increase in the density in the SR"®. Neither the HCN1, nor the K.4.2 subunit was
detected in the axonal compartments of CA1 PCs. SDS-FRL localization of the Nay1.6
subunit revealed a completely different distribution pattern®®. The Nay1.6 subunit was
identified in both somato-dendritic and axonal compartments. The highest density was
found in nodes of Ranvier and in AlSs, and only a low density was detected in somata

and proximal apical dendrites. In the main apical dendrites, the density of Navl.6
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subunit decreased as a function of distance from the soma, and dendritic spines were
always immunonegative.

SDS-FRL localization of the G-protein coupled inwardly rectifying K* channel
Kir3.2 subunit was also performed by my colleague, Katalin Kerti-Szigeti®'®. She found
that the distribution of gold particles labeling the K;:3.2 was different again, showing a
quasi-linear increase from the soma towards the distal dendrites, with no significant
difference between the main apical dendrites, oblique dendrites and dendritic spines at
approximately the same distance from the soma. This is in good agreement with the
work of Chen and Johnston (2005)3!!, who reported an enhanced spontaneous activity
of Kir3 channels at resting membrane potential in the apical dendrites of CA1 PCs as
compared to somata, which might be the result of increased channel number or
increased open probability of the channels.

Among the ion channels studied in CA1 PCs with quantitative EM, including the
Kv1.1 and K,2.1 subunits presented here and the HCN1, Na,1.6, K\4.2, and K;3.2
analyzed by my colleagues, so far we found that each ion channel subunit has its own
unique distribution pattern on the surface of a given neuron type, and likely to help
produce the remarkable neuronal diversity present in the CNS?*2, It remains to be seen
whether this is a general rule or eventually we will find two distinct subunits with

identical distribution pattern.

6.5. Target cell type-dependent differential modulation of voltage-gated Ca?*

channel function

In the third part of the study, I determined the densities of Cay channels in
presynaptic AZs of CA3 PCs contacting two distinct types of INs to test the hypothesis
that different Ca, channel densities in presynaptic AZs underlie different P/2™. I
performed SDS-FRL of the Ca,2.1 and Cav2.2 Cay subunits, and found that high Pr,
PV* dendrite-innervating terminals exhibited only a 1.15 times higher Cay channel
subunit density than low Pr, mGlui.* dendrite-contacting synapses.

In parallel, my colleagues Timea Eltes and Noémi Holderith used independent
techniques to estimate the Cay channel densities in the AZs of CA3 PCs targeting PV*
and mGlui,* dendrites?®. By performing two-photon Ca?* imaging in hippocampal CA3

PC axon terminals, post hoc immunohistochemical identification of their postsynaptic
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target cells, followed by 3D electron microscopic reconstructions of the imaged
boutons, they estimated the amount of Ca?* entering the bouton (peak concentration x
the bouton volume) and divided it by the AZ area, which they called ‘functional Ca?*
channel density’ estimate. Assuming similar Cay channel properties in different Pr
boutons, their data predicted a 1.7-1.9 times higher density of Cay channels in high Pr
AZs.

A potential explanation for the discrepancy between their functional channel
density and the SDS-FRL Cay subunit density estimates is a preferential enrichment of
Ca,2.3/Cay1/Ca,3 subunits in PV* dendrite-innervating boutons??2%12, Timea Eltes and
Noémi Holderith excluded this possibility by showing that 1 uM ©-CTX MVIIC (a
selective N- and P/Q-type Ca?* channel blocker at a concentration that almost fully
blocked the evoked EPSCs in both IN types) causes an almost identical block of [Ca?']
transients in boutons targeting these distinct IN types, arguing against differential
contribution of R-, T-, and L-type Ca, channels to the [Ca?"] transients?®*, Another
possible explanation for this discrepancy is a differential fixed Ca?* buffer concentration
in these two bouton populations. However, the similar decay of the [Ca®] transients
(recorded with either 300 or 100 uM FIuo5F) recorded by Timea Eltes and Noémi
Holderith in these bouton populations argues against this possibility?®*. We suggest that
differential target cell type-dependent regulation of Cay channel function is the most
likely mechanism underlying the differences. There are a number of ways to regulate
Cav channel function. Association with different p subunits promotes different voltage-
dependent activation and inactivation (reviewed in 3'%). Interactions with SNARE
proteins such as syntaxin and SNAP-25 at the so-called ‘synprint’ motif reduce the
channel open probability, whereas additional coexpression of synaptotagmin reverses
this effect®4. This suggests a regulatory switch by which presynaptic Cay channels
bound to Ca?* sensors are functionally enabled, whereas Cay channels decoupled from
Ca?" sensors are disabled®°. The AZ protein Munc13, which is involved in vesicle
priming processes, has also been found to alter Ca?* inflow by modulating the Kinetic
properties of Cay channels without changing their density®'®. Probably the most widely
studied modulation of Cay channel function is its regulation by presynaptic G-protein-
coupled receptors (e.g., mGIuRs, A: adenosine-o> noradrenergic, GABAg, or
endocannabinoid receptors?%:316-321y p/Q- and N-type Cay channel function is reduced
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via direct binding of G-protein B/y-subunits to Cay channel  subunits. In a recent study,
Anderson et al. (2015)*?2 demonstrated that presynaptic neurexins can reduce tonic
endocannabinoid production transsynaptically and increase the Pr of CA1 PC axons by
alleviating presynaptic [Ca?*] from CBi-mediated inhibition. Another way of
modulating Cay channel function is phosphorylation: CDKS5 (kinase)/calcineurin
(phosphatase) equilibrium has been shown to set the phosphorylation state of the Ca,2.2
channels, which influences the voltage dependence of the open probability of the
channel®?3324 Whatever the mechanisms are, they must be able to modulate the function
of presynaptic Cay channels in a postsynaptic target cell type-dependent manner. The
amount of Ca?* entering through presynaptic voltage-gated Cay, channels is very
sensitive to the shape/waveform of the AP, so a postsynaptic target cell type-
dependent difference in the AP waveform could also explain our results. It remains to
be seen whether the AP waveform in boutons®? that are segregated by only a few
micrometers along the same axon could be sufficiently different to account for the 30%
difference in the [Ca?*] transient observed in Timea Eltes and Noémi Holderith’s
experiments?®. Rozov et al. (2001)?™ tested the transmission between cortical PCs and
two distinct IN types (multipolar PV* and bitufted somatostatin®™) with fast and slow
Ca2* buffers. The more robust effect of EGTA (slow buffer) on neurotransmitter release
from PC to bitufted compared with multipolar cells predicted a larger physical distance
between the Cay channels and Ca?* sensors (larger coupling distance) in the low Pr
synapse. My collegues’?® functional Cay channel density estimate is consistent with this
prediction and supports the hypothesis that the mechanisms underlying the low initial
Pr and the subsequent short-term facilitation is a large Cay channel to Ca?* sensor
distance!®2503%5 - Another level of complexity might arise from the potential target cell
type-dependent differences in the sub-AZ distribution of Cay channels®2532352% Qyr
NND and ACF analysis revealed that Cay2.1 and Cay2.2 subunits show within-AZ
distributions that are significantly different from random distributions. However, the
fact that the distribution of gold particles in both AZ populations differ from random
does not mean that the sub-AZ distribution of Cay channels is identical in both AZ

populations.
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6.6. Target cell type-dependent molecular differences in presynaptic axon

terminals

So far, the only known protein with a dramatic difference in its density between low-
and high-Pr synapses of a single PC axon is mGlu;%’, making it an ideal candidate
through which a low initial Pr and a consequent short-term facilitation could be
achieved. The pharmacological blockade of group Il mGluRs (including mGlur)
increases the amplitude of evoked EPSCs, but does not change the facilitating
phenotype of EPSCs recorded from CA1 mGlu: INs?®®, suggesting a tonic, mGIluR-
mediated reduction of transmitter release from these axon terminals. Similarly,
knocking down Elfnl from somatostatin expressing INs also led to an increase in the
amplitude of the first EPSC of a train and a reduction in the degree of short-term
facilitation?’®, consistent with the results of pharmacological block of mGluz. Indeed, it
has been shown recently that the postsynaptically located Elfnl has a key role in the
selective recruitment of mGlu; to the presynaptic AZs of PC axons that contact

somatostatin/mGlu:* INs®% (Figure 23). However, the short-term plasticity of the mGlu;

Figure 23. Expression of mGluw in the presynaptic AZs of axon terminals
targeting a mGluia immunopositive dendrite. (A and B) Mirror replica images of a
mGluza immunolabeled dendrite (15 nm gold on A), which is contacted by two axon
terminals (be-ace). The P-face of the boutons shows strong mGlu, reactivity in their
AZs (cyan on B). For one bouton (blp-face), the fracturing plane traversed from the pre-
to the postsynaptic plasma membrane within the synapse, resulting a mGluz
immunoreactive AZ opposed to a partial PSD (* on B), which contains gold particles
for Efn1/2 on the P-face (10 nm gold and ** on A). On the E-face of the dendrite two
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additional PSDs can be delinated based on the underlying IMP clusters. The
complementary P-face these PSDs are enriched in EIfn1/2. On both panels PSDs are
pseudocolred green. Scale bars, 200 nm.

dendrite-targeting boutons in mGluy antagonist or after Elfnl knock-down is still
facilitating, very different from that observed in PV* IN-targeting boutons, suggesting
that other mechanisms must be involved. These might include the regulation of Cay
channel function mentioned above or the selective presence of molecules that might
impose facilitation on synapses (e.g., NMDA receptors®’, kainate receptors®’®, or
synaptotagmin-7°2). Additional factors could contribute to differences in initial Pr by
changing the sensitivity of the release machinery to Ca?*. Proteins such as Rab3A-D and
Munc13-3 increase Pr32°33 whereas others such as mover decrease Pr33? without
affecting the readily releasable pool. Uncl3 isoforms have been implicated in the
preferential targeting of vesicles to docking sites that are formed at varying distances
from the Cav channels®3. Any of these mechanisms may also contribute to the
differences in initial Pr in addition to the above described differences in [Ca?*]; thereby

explain the discrepancy between our functional and SDS-FRL data.

6.7. Input-specific expression of Cay subunits in PV* and CCK™* basket cell axon

terminals in the CA3 area

In the final part of my dissertation, | investigated the Cay channel distribution in
basket cell axon terminals targeting the somatic region of CA3 PCs, which originate
from either PV* or CCK/CB1* INs?®, Here, | provided direct morphological evidence
for the segregation of Cay2.1 and Ca,2.2 Ca?*channel subunits in CCK* and PV* IN
axon terminals. My SDS-FRL data is consistent with the results of Hefft and Jonas
(2005)?*, who used blockers of specific types of Ca?* channels to show that CCK* INs
use N-type Ca?* channels (Cay2.2) for transmitter release, whereas PV* INs rely on P/Q-
type channels (Cav2.1). They also found that PV* output synapses release GABA in a
tightly synchronized manner in response to presynaptic APs, while CCK" axon
terminals release GABA in a more asynchronous manner, for up to several hundred
milliseconds after high-frequency stimulation. They suggested that the asynchronous
release at CCK™ IN output synapses could be a consequence of loose coupling between
Ca?* source and sensor that is to say a larger diffusional distance between the Cay

channels (source) and synaptotagmins (Ca?* sensor) that triggers GABA release?’*. The
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loose coupling at these synapses was confirmed by the fact that the diffusional process
of Ca?* from Cays to synaptotagmins is sufficiently long-lasting that the slow Ca2*

chelator, EGTA could interfere with the coupling®’

. In contrast, the synchronous
release from PV* IN axon terminals was not affected by the EGTA?"4. Based on these
results, they hypothesized that Cav2.1 channels must be located in AZs, as they are
tightly coupled to release, whereas Cay2.2 channels should be distributed throughout the
presynaptic terminals?’#, similarly to the young calyx of Held3*.

In contrast, | found that both Cay subunits are concentrated in presynaptic AZs,
despite the fact that these channels are differentially coupled to the release. However,
this does not exclude the possibility that within the AZ the two types of Cay channels
are not localized at different distances form docked vesicles. Unfortunately for the time
being, there are no technigues available which would allow the concurrent visualization

of docked vesicles and Cay channels.

6.8. Variability in the CB1 content in the AZs of CB1 immunoreactive axon

terminals in the CA3 area

My SDS-FRL reactions clearly demonstrated the presence of CB:1 in AZs in
addition to peri- and extrasynaptic locations, in agreement with the results of a previous
study applying post-embedding immunogold localization®®. My data also revealed
heterogeneity in the CB: content of AZs; some Rim1/2 immunopositive AZs were
strongly labeled, whereas some were apparently immunonegative.

Previously, substantial heterogeneity has been reported in the degree of CB;
modulation of GABA release from distinct CCK* IN subtypes®3-3%, similar to that of
glutamatergic boutons of the cerebellum®®. In addition, the CB1 content of individual
boutons also seems to be variable3®340, Despite this, no correlation was found between
the total CB:1 content of boutons and the degree of CBi-mediated control of presynaptic
[Ca?*] transients, in a study done by my colleague, Noéra Lenkey?®.

These findings raise the possibility that only a subpopulation of CB; receptors,
within nanometer distances from their target Cay2.2 channels, might be responsible for
endocannabinoid-mediated modulation of GABA release. The different amounts of CB:
in AZs could be achieved by the rapid diffusion of receptors in and out of synapses as

shown with single-molecule tracking after agonist induced desensitization*.
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7. Conclusions

My results from the first part of the dissertation reveal that the two studied
delayed-rectifier K* channel subunits take up different subcellular locations in CA1l
PCs, resulting in unique, subunit-specific labeling patterns. The Ky1.1 subunit is only
present in significant amounts in axons, particularly at the AIS, which has an
approximately eightfold higher density than axon terminals. In contrast, the K,2.1
subunit is detected at similar densities in AlSs, somata and proximal dendrites, but not
elsewhere. This subunit has a non-uniform plasma membrane distribution; Kv2.1
clusters are frequently adjacent to, but never overlap with, GABAergic synapses. Within
the AIS the Ky1.1/Nay1.6 and Ky2.1 subunits are segregated into distinct subdomains,
all separate from GABAergic synapses, demonstrating that the surface of the AIS is
molecularly more complex than previously anticipated. These results suggest that K*
channels modulate neuronal excitability in a compartment-specific manner.

In the second part of the study, | found that both Ca,2.1 (P/Q-type) and Ca.2.2
(N-type) Ca?* channel subunits are present in functionally distinct CA3 PC axon
terminals targeting the Kv3.1b* and mGlusa" dendrites. In both populations, the studied
Cay subunits are restricted to putative AZs, and their within-AZ distribution is
significantly different from random distributions. Furthermore, high Pr K,3.1b*
dendrite-innervating AZs contain 15% higher Cay subunit density than low Pr mGlui.*
dendrite-contacting AZs. This target-dependent difference in Cay channel density is
much smaller than the almost twofold (70-90%) difference implied by functional
experiments of my colleagues®®. Their experiments excluded the preferential
enrichment of Ca,2.3 (R-type)/Cavl (L-type)/Cav3 (T-type) subunits in PV* dendrite-
innervating boutons and the differential fixed Ca?* buffer concentration in these two
bouton populations?®. These results, taken together, suggest that differential target cell
type-dependent regulation of Cay channel function is the most likely mechanism
underlying the functional differences between these two bouton populations, which can
also dissolve the discrepancy between our data.

Finally, 1 provide morphological evidence for the segregation of distinct Cay
channel subunits in CCK/CB1" and PV* basket cell boutons contacting the somatic
region of CA3 PCs. The Cay2.2 subunit is restricted to CCK/CB1* axon terminals, while

the Cay2.1 subunit is almost exclusively expressed by PV* boutons. In addition, Cay
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channels are enriched over subareas of axon terminals, which also contain the Rim1/2
indicating their localization within AZs. As both Cay subunits are restricted to putative
AZs, the well-known differences in synaptic transmission between these boutons are
likely to be the consequence of slight, but crucial within-AZs differences in the
arrangement of synaptic vesicles and Ca?* channels. Moreover, AZs of CCK/CB;" axon
terminals contain the CB; in various quantities. This raises the possibility that CB1
modulation of Cay2.2 channels and consequently neurotransmitter release might depend
on the amount of CBs in the presynaptic AZ close to N-type channels. This would also
offer a potential explanation of why the degree of CB1 modulation does not depend on
the total amount of CB1 on the entire axon terminal®®,

These findings reveal previously unseen cell-surface distribution patterns of two
delayed-rectifier K* channel subunits, as well as input- and target cell type-dependent
differences in Cay channel distribution in axon terminals. These data furthers our
understanding of ion channel localization and functional consequences of distinct

distribution patterns.
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8. Summary

The functional impact of ion channels depends on their molecular structure as
well as their exact subcellular distribution on the surface of neurons, emphasizing the
necessity of quantitative determination of ion channel distributions. Special attention
has been paid to K* channels due to their impact on neuronal excitability, and to Ca?*
channels for their role in synaptic transmission. Nonetheless, the precise distribution of
most of these ion channels is still lacking. Here, | used the high-resolution SDS-FRL
technique to determine ion channel distributions in the rat hippocampus, and to reveal
input- and target cell type-dependent differences that might underlie distinct functions.

First, |1 showed that the Ky1.1 K" channel subunit is present in axon initial
segments (AISs) and axon terminals of CALl pyramidal cells (PCs), with an eightfold
lower density in boutons. The Ky2.1 subunit was found in somatic, proximal dendritic
and AIS plasma membranes at similar densities. This subunit has a non-uniform
distribution; Ky2.1 clusters can be close to, but never overlap with GABAergic
synapses. These results identify novel K* channel distribution patterns in CA1 PCs, and
predict their compartment-specific function.

Next, | revealed target cell type-specific differences in the densities of Cay2.2
and Ca,2.1 Ca?* channel subunits in functionally distinct presynaptic active zones (AZs)
of CA3 PCs contacting Kv3.1b" or mGluia" dendrites. SDS-FRL detected a ~15% higher
Ca?* channel density in K,3.1b* dendrite-targeting AZs, which is much smaller than the
twofold difference implied by functional experiments of T. Eltes and N. Holderith. My
results suggest a target cell type-dependent regulation of Ca?" channel function or
distinct subunit composition as the mechanism underlying the functional differences.

Finally, | provided morphological evidence for the exclusive expression of
Ca2.2 and Cay2.1 subunits by cholecystokinin/CB:* and parvalbumin® basket cell
boutons contacting CA3 PCs. As both Cay subunits are restricted to putative AZs, the
well-known differences in synaptic transmission between these boutons are likely to be
the consequence of slight, but crucial within-AZs differences in the arrangement of
synaptic vesicles and Ca?" channels. AZs of CB:* boutons also contain various
quantities of CB1 within nanometer distances from their target Cav2.2 channels, which |
propose to be the basis of the heterogeneity in endocannabinoid-mediated modulation of
GABA release.
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9. Osszefoglalé

Az ioncsatorndk funkciondlis hatdsa molekularis dsszetételiiktdl és szubcelluldris
sejtfelszini eloszlasuktol fiigg. Az utdbbi iddben az ioncsatornak koziil a K* és Ca?
csatornak kiilonos figyelmet kaptak az idegsejtek serkenthetdségének szabalyozasaban,
illetve a szinaptikus transzmisszioban betoltott szerepiik miatt. A disszertaciomban a
nagyfelbontasu SDS-maratott fagyasztva-tort replika jelolés (SDS-FRL) modszerét
hasznaltam, hogy meghatirozzam a kérdéses ioncsatorndk eloszlasat patkany
hippokampuszban, illetve, hogy az ioncsatornak eloszlasaban bemenet és célsejtfiiggd
kiilonbségeket tarjak fel, amelyek kiilonboz6 funkcidkért lehetnek feleldsek.

Kimutattam, hogy a Ky1.1 K* csatorna alegység jelen van CA1 piramissejtek
(PS) axon inicialis szegmentumaban és ahhoz viszonyitva nyolcszor kisebb siiriiségben
axonvégzidésekben. A Ky2.1 alegység hasonld siirtiségben talalhato meg CA1l PS-ek
sejttestén, proximalis apikalis dendritjein és axon inicialis szegmentumaiban. Ez az
alegység inhomogén eloszlast mutat, de a fellelheté K,2.1 klaszterek nem fedtek at gatlo
szinapszisokkal. Osszességében, feltartam két funkcionalisan eltérd K* csatorna
alegység egyedi, kompartmentfiigg6 eloszlasat CA1 PS-ekben.

Ezt kovetden céljsetfiiggé kiilonbségeket irtam le a Cay2.1 és Cay2.2 Ca?'
csatorna alegységek siiriségében olyan funkciondlisan eltéré axonvégzddések aktiv
zbénajaban, amelyek Ky3.1b* vagy mGluia* dendritekre adnak szinapszist. Az SDS-FRL
15% nagyobb Ca?" csatorna stiriisséget detektalt K,3.1b* dendritre mend aktiv
zénakban, ami joval kisebb, mint az Eltes T. és Holderith N. funkcionalis kisérletei altal
perdiktalt kétszeres eltérés. Osszességében eredményeink arra utalnak, hogy a két
axonvégzodés kozott levd funkciondlis kiilonbségek hatterében vagy a csatornak
funkcidjanak céljsetfiiggd modulalasa vagy pedig eltéré alegység osszetétele all.

Végiil leirtam, hogy a CA3 PS-re szinapszist add CCK/CB:" kosarsejtek
axonvégzddéseiben a Cay2.2 alegység, mig parvalbumin® kosarsejtekében a Cay2.1 van
jelen. Mindkét alegység az aktiv zonaban fordul eld, arra utalva, hogy az axonvégzédés
tipusok kozotti szinaptikus transzmisszioban felellhetd kiillonbségekért az aktiv zonan
beliili Ca®* csatorna elrendezédésében eléforduld apro, de fontos kiilonbségek lehetnek
felelések. A CB1" kosarsejtek aktiv zoni tartalmazzak a CBi-et valtozé mennyiségben

nanométerekre az 6k célmolekuldjuktol, a Cav2.2 alegységtdl, ami az endokannabinoid-

crer
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