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The most fundamental function of nerve cells is the integration of their synaptic inputs to generate their propagating 

output signal, the action potential. The major aims of Dr Nusser’s laboratory are to understand how identified 

presynaptic nerve cells release neurotransmitters; how the released transmitter molecules activate their postsynaptic 

receptors; and how the generated postsynaptic potentials are integrated to generate an action potential. Furthermore, 

they aim to reveal the cellular and synaptic mechanisms underlying the diverse firing properties of hippocampal 

pyramidal cells in behaving animals. The Laboratory of Cellular Neurophysiology focuses on three major project areas 

using a variety of molecular, neuroanatomical, in vitro electrophysiological, in vitro and in vivo imaging and in silico

modeling approaches: 

1. Revealing the molecular, structural and functional heterogeneity of cortical synapses. Determine the molecular 

specializations underlying the functional diversity of synapses, such as the probability and short-term plasticity of 

neurotransmitter release. In vitro electrophysiology, two-photon imaging, LM and EM immunolocalization are 

combined to address these issues.

2. Creating a molecular map of the neuronal surface by determining the location and density of various voltage- and 

ligand-gated ion channels in defined subcellular compartments of hippocampal pyramidal cells, using quantitative 

LM and EM immunolocalization. Perform multi-compartmental modeling to generate functionally testable 

predictions of the functional consequences of specialized ion channel distributions. In vitro electrophysiology and 

imaging approaches are used to test the functional predictions of our models. 

3. Revealing the cellular and synaptic mechanisms underlying the diverse firing properties of hippocampal pyramidal 

cells during behavior.  In vivo two-photon [Ca2+] imaging are performed in head-restrained mice while performing 

navigation in virtual reality to functionally characterize distinct pyramidal cells. This is followed by post hoc in vitro 

electrophysiological and anatomical experiments to reveal differences in intrinsic properties and synaptic 

innervation of the functionally characterized nerve cells. 



1. Understanding the molecular mechanisms underlying the  

functional diversity of hippocampal glutamatergic and GABAergic 

synapses

Understanding chemical synaptic neurotransmission in the CNS has been in the 

spotlight of neuroscience for many decades.  A tremendous amount of information 

has been gathered regarding the molecular events leading to the release of 

neurotransmitter from synaptic vesicles, the diffusion of neurotransmitter 

molecules to their postsynaptic receptors and the activation of these receptors.  At 

the same time, ultrastructural analysis of synapses revealed an enormous 

diversity in the shape and size of pre- and postsynaptic structures among central 

synapses. Recently, molecular approaches also revealed a large number of 

molecules involved in pre- and postsynaptic function, and the molecular diversity 

on many key players.  However, it is still unknown how functional heterogeneity of 

synapses is generated and how alterations in synaptic geometry and molecular 

content affect synaptic function. The Laboratory of Cellular Neurophysiology 

combines in vitro electrophysiology and two-photon Ca2+ imaging with LM and EM 

molecular analysis of hippocampal GABAergic and glutamatergic synapses to 

address how diversity in the release probability and short-term plasticity of release 

arises from structural or molecular specializations.  Furthermore, the laboratory 

also employs quantitative EM freeze-fracture replica immunogold localizations to 

reveal the molecular composition of structurally and functionally distinct 

presynaptic active zones and postsynaptic densities. The results shed new light 

on the structure-function relationship of central synapses and provide a molecular 

explanation of the diversity in synaptic function. The Laboratory also tests the 

hypothesis that the functional heterogeneity among synapses that belong to the 

same population (e.g. hippocampal CA1 pyramidal cells - CA1 O-LM cells) is the 

consequence of quantitative differences in the amounts of the same molecules 

and variations in their subsynaptic nano-distributions.



2. Creating a molecular map of the neuronal surface

The most fundamental function of nerve cells is the integration of their 

synaptic inputs to generate action potentials (APs).  It is a generally 

accepted view that APs are generated in the axon initial segment.  

However, input synapses are usually distributed over a large dendritic 

tree.  Because of this spatial arrangement, the distance between a 

synapse and the site of output generation varies to a tremendous 

extent, resulting in differential filtering of postsynaptic responses by 

the dendrites.  Thus, if dendrites were passive, the effect of a synapse 

on output generation would depend on its dendritic location.  However, 

in the past decades, it has become apparent that dendrites of most 

nerve cells are not passive, but contain a large number of voltage-

dependent ion channels, which endow dendritic trees with an 

unanticipated computational power.  The molecular identity, exact 

location and density of voltage-gated ion channels in small subcellular 

compartments on the axo-somato-dendritic surface determine their 

roles in synaptic integration and output generation.

Our work using high resolution immunolocalization approaches 

demonstrated that many ion channel subunits show different 

distribution patterns on the surface of distinct neuron types (cell type-

specific distributions). In addition, the ion channel content of distinct 

subcellular compartments is highly unique (subcellular compartment-

specific distributions).  By studying the subcellular distribution of 

HCN1, Kv1.1, Kv1.2, Kv2.1, Kv4.2, Kir3.2, Nav1.6 voltage-gated ion 

channel subunits we have reached the conclusion that all examined 

ion channel subunits have different axo-somato-dendritic distributions 

on the surface of hippocampal CA1 pyramidal cells. Now, the aim of 

our Laboratory is to extend these investigations with special interest to 

voltage-gated Ca2+ channels and voltage-independent ion channels 

that are responsible for determining the passive electrical properties of 

the neurons. Hands-in-hands with these experiments, in silico multi-

compartmental modeling is used to create functionally testable 

predictions of the functional consequences of different ion channel 

distributions.  In vitro patch-clamp electrophysiology and two-photon 

imaging are also carried out to test the model predictions.



3. Revealing the cellular and synaptic mechanisms underlying the diverse 

firing properties of hippocampal pyramidal cells during behavior. 

Understanding the function of the hippocampal formation has been in the 

focus of system neuroscience for many decades, revealing its role in spatial 

navigation and short- and long-term memory formation. The pioneering work of 

O’Keefe and that of many other laboratories revealed that hippocampal 

pyramidal cells (PCs) increase their firing in certain locations of the 

environment (place cells), and that the entire space is covered by the place 

fields of many different place cells. In a given environment, only a small 

fraction of PCs are active. Thus, an environment is represented by a unique 

combination of cells (assembly).  Recent studies addressed the issue of how 

large is the overlap between neuronal representations/assemblies of distinct 

spatial environments. They revealed that the assembly representing an 

environment contains few place cells with multiple place fields and high firing 

rates in their place fields and numerous other place cells with a single place 

field in the environment with much lower firing rates. When the animals is 

placed in a new environment, the probability of the previously highly active 

neurons remain part of the new ensemble is high, whereas the less active 

cells have a very low probability to be part of the new representation. So far, 

no information is available regarding the mechanism underlying the 

morphological, physiological and molecular mechanisms underlying low and 

high place field propensity of the PCs. 

The Laboratory of Cellular Neurophysiology tests the hypothesis that 

enhanced intrinsic electrical excitability together with increased synaptic 

weights characterize CA1 PCs that consistently participate in multiple spatial 

representations. In vivo two-photon imaging are conducted in awake, head-

restrained mice while performing navigation in virtual environments to 

characterize CA1 PCs during behaviour. Post hoc, in vitro patch-clamp 

experiments are performed to characterize the intrinsic electrical properties 

and the synaptic inputs of the imaged cells. Finally, post hoc anatomical 

analysis is performed to reveal the morphology of the cells and their molecular 

content.
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