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Abstract
The central nervous system (CNS) is arguably the most complex entity of the human body.
The human brain consists of an estimated 1011 neurons, which connect to each other through over
1014 chemical and electrical synapses in a highly specific manner to form functional neural
circuits. The study of neural circuits represents an indispensable foundation for basic and applied
neurobiological research. Although, tools and methodologies for studying neural circuits exist,
their applications are limited. Due to this limitation, the answers to how neural circuits are
assembled and how the structure of these circuits relates to their function remain unsolved.
I have attempted to use a combination of approaches to tackle the issue of how neural
circuits are wired together, both at subcellular and network levels. At the subcellular level, I have
used atomic force microscopy (AFM) to study cell-cell adhesion of neighboring cells. To study
circuits at the network level, I have developed a technique called viral stamping, which allows the
mapping of connected neural circuits using viral tracing techniques. More specifically, with these
two experimental approaches I have:
1. Established an AFM based assay for characterizing the contribution of cell detachment
techniques and its affect on cell adhesion.
2. Used AFM in combination with optical-microscopy-based-assays to obtain a quantitative
and mechanistic understanding of how neurons establish highly precise connections with
each other via Teneurins cell adhesion molecules.
3. Designed a novel, simple and versatile method for targeted single cell infection with
viruses. I demonstrated that this method of targeted single-cell-initiated viral tracing can be
used to study structure and function of synaptically connected neural circuits.
The methodologies established and the data sets acquired within this thesis serve as starting
points for developing new data acquisition and analysis techniques in the context of understanding
neural circuit connectivity from the molecular basis of synapse specification up to the level of the
connected neurons within functionally defined circuits.

	
  

	
  

Zusammenfassung
Das Zentralnervensystem (ZNS) ist das wohl komplexeste Organ des menschlichen Körpers.
Seine netzwerkartige Struktur besteht aus geschätzten 1011 Neuronen, die miteinander in
hochspezifischer Weise durch über 1014 chemische und elektrische Synapsen zu neuronalen
Schaltkreisen verbunden sind. Das Studium der neuronalen Schaltkreise stellt für die Forschung in
der Neurobiologie ein unentbehrliches Fundament dar, sowohl für die Grundlagenforschung als
auch für die angewandte. Obwohl Werkzeuge und Methodologien für ihre Erforschung existieren,
ist deren Anwendbarkeit doch begrenzt. Dies hat zur Folge, dass wir derzeit weder wissen, wie
neuronale Schaltkreise entstehen, noch, wie ihre anatomische Struktur mit ihrer Funktion
zusammenhängt.
Ich habe versucht, mit einer Kombination von Methoden an die Frage heranzugehen, wie
sich neuronale Schaltkreise zusammenfügen, und zwar sowohl auf der subzellulären Ebene als
auch auf der des Netzwerks. Auf der subzellulären Ebene habe ich das Rasterkraftmikroskop
benutzt, um die Adhäsion zwischen benachbarten Zellen zu untersuchen. Zur Untersuchung der
Schaltkreise auf dem Netzwerkniveau habe ich eine virale Stempelung genannte Technik
entwickelt, die es möglich macht, verbundene neuronale Schaltkreise durch virale Markierung zu
kartieren. Im Detail habe ich, mit Hilfe dieser beiden experimentiellen Zugänge:
1. Ein AFM basierendes Assay für die Charakterisierung des Beitrages von Zell-Abloesungs
Methoden und ihren Effekt auf die Zell-Adhesion etabliert.
2. Die Rasterkraftmikroskopie in Verbindung mit auf optischer Mikroskopie beruhenden
Analysen benutzt, um in quantitativer und mechanistischer Weise zu verstehen, wie
neuronale Zellen, koordiniert durch Teneurine, sehr präzise Verbindungen miteinander
aufbauen können. Damit sind auch die Grundlagen geschaffen zur Untersuchung anderer
synaptischer Adhäsionsproteine und der Mechanismen, mit denen diese die Ausbildung
von Spezifität steuern.
3. Eine neuartige, einfache und vielseitige Methode entworfen, um einzelne Zellen gezielt mit
Viren zu infizieren, und gezeigt, dass diese Methode der durch die gezielte Infektion
einzelner Zellen initiierten viralen Markierung genutzt werden kann, um die Struktur und
Funktion von synaptisch verbundenen neuronalen Schaltkreisen zu untersuchen.
Die in dieser Doktorarbeit etablierten Methodologien und gewonnen Datensätze dienen als
Ausgangspunkte zur Entwicklung neuer Techniken der Datenerfassung und -analyse im Kontext

	
  

	
  

des Verstehens der Konnektivität neuronaler Schaltkreise, von der Ebene der molekularen Basis
der Synapsenspezifikation bis zur Ebene der verbundenen Neuronen innerhalb der funktional
definierten Schaltkreise.
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Chapter 1
Introduction
The CNS is an extensive network of neurons wired specifically by an astronomically large
number of synapses. How does this complex entity process information, encode perception, and
generate behavior? An answer to these questions requires an understanding at several hierarchical
scales, from the molecular mechanisms guiding the connectivity between a presynaptic neuron and
its postsynaptic partners (microscale), to the structural organization of many neurons into neural
circuits, to the computational and behavioral outcomes of these functional circuits (meso and
macroscale)1-3. Currently the lack of quantitative methodologies and tools has made it very
challenging to conduct integrative studies at different scales3,4. This thesis aims to develop tools
and methodologies for a more integrative study of the different scales of neural connectivity in
hopes of yielding a more holistic understanding of the CNS.
1.2 Studying neural connectivity at different hierarchical levels
The CNS is designed for communication over many scales (Figure 1.1), beginning at the
most fundamental level of intracellular and cell-cell communication, in which communication
occurs via protein-protein interactions, movement of second messengers within cells, and
intercellular synaptic interactions. This is what I define as microscale. Next, at the mesoscale, the
nervous system organizes itself into an ensemble of cellular networks that represent interconnected
circuits. Finally, at the macroscale, these interconnected local networks can form long-range interarea connections with a diversity of other circuits.
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Figure 1.1. The brain is designed for functioning and communicating over many scales. The
red dashed box shows microscale connectivity at the intracellular level, and the intercellular
(synaptic) level (microscale). The green dashed box shows interconnectivity within a local circuit
level (mesoscale), and the long-range connectivity between different local circuits in different
brain regions (macroscale). Integrative analysis across these scales is essential for a complete
understanding and for new discoveries to be made in the field of neuroscience. Image modified
from Lerner et al., 20163.
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1.3 Microscale: Studying the molecular mechanisms of neuronal wiring specificity through
cell adhesion
Neurons form precise cell–cell interactions that enable one neuron to pass electrical or
chemical signals to another neuron across gaps ranging from 3 nm to 40 nm at electrical and
chemical synapses5. Chemical synapses involve presynaptic axons and postsynaptic dendrites
actively seeking one another out to form connections which require the assembly of highly ordered
protein complexes containing receptors, signaling molecules and scaffolding proteins6,7 (Figure 2).
Various molecules such as neurotransmitters and soluble factors secreted by neurons or glia, as
well as direct cell–cell contacts have been shown to play distinct roles in synaptic development5,8,9.
However, a full understanding of the interplay between all the molecules that coordinate the
formation and function of synapses is incomplete10,11. Finally, although synapse assembly is
thought to be a selective process at both the cellular and subcellular levels, few of the molecules
that confer synaptic specificity have been identified7.	
  	
  
1.3.1 Synaptic cell adhesion
Cell–cell adhesion interactions are particularly attractive candidate mediators of
synaptogenesis because of their potential to bidirectionally coordinate molecular and
morphological synapse differentiation12. The primary function of cell surface adhesion proteins is
to bring the apposed membranes of two neighboring cells into contact via either homophilic or
heterophilic interactions (Figure 1.2). Many of these adhesion proteins are also known to have
signaling activities. For instance, certain cell surface proteins that can be defined as signaling
receptors or ligands, such as SynCAM1, neuroligin–neurexin and Teneurins, can also promote
cell–cell adhesion13-15. Therefore, cell surface proteins involved in adhesion and signaling are not
always clearly distinguishable.
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Figure 1.2. Schematic showing synaptic cell adhesion and its affect on neuronal function at
chemical synapses. (I) The first step is the initial establishment and recognition of pre and
postsynaptic neuron’s contacts, which may require heterophilic and/or homophilic cell adhesion.
Next, during the synaptogenesis, molecular assembly (II) and functional specification (III) occur,
and the synaptic cell adhesion molecules facilitate recognition, and strengthen physical cell–cell
adhesion. This occurs via the clustering and recruitment of receptors and components of the preand postsynaptic signaling machinery. Image modified from Missler et al., 201316
1.3.2 Adhesion assays for understanding target recognition of synapse formation by molecular
matching of adhesive proteins
To date, several studies have been performed in hopes of identifying cell adhesion
molecules that are involved in synapse formation either via cell-extracellular matrix interactions or
direct cell-cell adhesion interactions17-22. For example, in a study by Scheiffele et al., 200023,
synaptic adhesion was tested in a mixed culture assay where cell contacts were assessed
between dissociated neurons and neuroligin-expressing non-neuronal cells. The study found that
contact between processes of different cells resulted in the recruitment of presynaptic markers at
some contact points23. In a different study by Boucard et al., 201424 the role of cell adhesion in
synapse formation was tested with a variation of the hanging drop assay where two types of non	
  

11	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

neuronal cells, each overexpressing synapse adhesion ligands and receptors proteins, were are
allowed to aggregate with each other in suspension and then were assessed for aggregation24. Both
these previous studies do not differentiate between synapse-inducing and synapse-stabilizing
activities of adhesion molecules, and additionally do not have the capacity to quantify the strength
nor the molecular mechanisms that guide actual adhesive contacts.
1.3.3 AFM based single cell force spectroscopy (SCFS) for quantitative synaptic adhesion
measurements
AFM based SCFS methods use a cell that is attached to a cantilever of an atomic force
microscope (Figure 1.3)25,26. By combining AFM and optical microscopy, cells can be positioned
to assess cellular interactions at a given location on a functionalized surface, tissue or on another
cell. The most common way of performing cell-cell adhesion measurements is done by bringing a
probe-cell-functionalized-cantilever in contact with a target cell plated on a surface for a defined
contact time and then retracting the cantilever, as shown in Figure 1.3. As the probe and target cell
are pulled apart, a force is exerted on the cantilever which results in the cantilever being deflected.
This force causing a deflection of the cantilever, the position of which is monitored by a laser
whose angle of reflected light changes with the cantilever’s deflection (Figure 1.3). The change in
the angle of reflected light is detected by a photodiode. Thus, the deflection of the cantilever due to
a force exerted on the cantilever can be accurately measured. The spring constant of the cantilever
is determined using the thermal noise method27,28. Using Hooke’s law, the force exerted on the
AFM cantilever can be calculated as the product of cantilever deflection and its spring constant.
To show its utility in studying neural connectivity, AFM based SCFS was applied by measuring
adhesive contact forces between cells overexpressing synaptic adhesion proteins such as
Teneurins. The quantitative cell-to-cell adhesion data from SCFS was used to identify Teneurins’
role in determining cellular partner matching and is described in more detail in Chapter 3.
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Figure 1.3. Cartoon illustration of an atomic force microscopy based single cell force
spectroscopy experiment. Details of the SCFS technology and methodology are described in
chapter 2. In brief, a single cell is attached to an AFM cantilever and is brought into contact for a
predefined contact time with its target surface and then retracted. This step is repeated according to
defined pause times. During the steps, 1 through 3 various adhesion events are registered via the
deflection of the AFM cantilever, which is calibrated to convert these deflections to forces. Image
modified from Friedrichs et al., 201329.
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1.4 Mesoscale and macroscale: Using single cell viral stamping to study neural circuits and
brain wide connectivity
1.4.1 Neural networks
In the brain, a single neuron can receive input from hundreds of neurons across over a
thousand synapses, and it must integrate these diverse input combinations to produce output spike
activity that is in turn sent to its postsynaptic partners1,8,11,30. This input-output computation occurs
for every neuron continuously over time, and is the basis for the diverse and complex
computations performed by neuronal networks throughout the brain30 (Figure 1.4).

Figure 1.4. Structural and functional basis of neural networks. (A) A simplified diagram of a
basic neural network. The axon of the green neuron synapses with the dendrites of the black
neuron, and the axon of the black neuron synapses with the dendrites of the blue neuron (B). A
cartoon showing a more realistic picture of a neural network in the primary visual cortex. This is
an example of a neural network that spans multiple brain regions and involves a multitude of input
and output nodes that are differentially regulating each other. Green and red colors are indicating
excitatory and inhibitory cells, respectively. Image adapted from Kang et al.,201431.
1.4.2 Rabies virus tracers for the study of neural connectivity
Visualizing connected neuronal networks is challenging as a single neuron and its local
neuronal network reside within a tangled web of unconnected neurons32,33. It is of great interest for
neuroscientists to identify local circuits and relate their connectivity to their function. To date
several conventional anterograde and retrograde tracers have been implemented in study neural
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connectivity34. These tracers reveal which brain areas are connected to one another and the
location and identity of the projecting neurons. However, since these tracers do not cross synapses,
they are unable to establish directly demonstrate synaptic connectivity between neurons32,35,36.
This limitation has been overcome by recent advances made in engineering transsynaptic
viral vectors that can drive expression of genes of interest in synaptically connected neurons37-40.
For example, rabies viruses can be modified to express fluorescent proteins and thus label
interconnected neurons by retrograde trans-synaptic transfer of viral particles to presynaptic cells41.
One limitation to using rabies virus is its polysynaptic spread. Owing to the high degree of
neuronal inter connectivity amongst circuits, polysynaptic spread makes it difficult to assign
synaptically coupled partners unambiguously42. To circumvent this problem, a recombinant rabies
virus deficient in the gene encoding the glycoprotein coat, which is required for transsynaptic
infection, was generated by replacing it with a fluorescent marker such as eGFP (RV-ΔG-eGFP)
(Figure 1.5).
1.4.3 Targeting defined cell populations with viruses
The technique mentioned above may not allow the unambiguous identification of
presynaptic partners of a given neuron, because more than one source cell is typically targeted. An
elegant solution to this problem is the technique known as single-cell-initiated monosynaptic transsynaptic tracing38,43 or mono-trans-synaptic tracing for short38. To target desired neuronal subsets
with eGFP expressing rabies virus, rabies virus particles can be pseudotyped with the avian
leukosis virus EnvA coat protein (RV-ΔG-EnvA-eGFP), whose cognate receptor (TVA) has no
homologue in mammalian cells33,39,44. By targeting single neurons and electroporating in plasmids
driving expression of the TVA receptor, a fluorescent marker, and rabies glycoprotein (G)
expression, rabies virus infection can be limited to the electroporated neuron and furthermore, the
rabies can only pass transynaptically one synapse away from the electroporated cell (Figure 1.5).
To date only a handful groups33,39,44 have been able to use this technique, as this approach is
painstaking and limited in its application to tracing local circuits. An interesting question in single
cell initiated mono-trans-synaptic is what are the architectures and the functionality of second
generation connections of the presynaptic cells. With the TVA-EnvA system highlighted above
this would be very challenging to address. This is because the technique is dependent on the
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injection of rabies into the area where a single cell is expressing TVA and G. For instance a
second injection of RV-ΔG-EnvA-eGFP in an existing traced network with from single cell
initiated mono-trans-synaptic tracing would result in possible non-targeted labeling the original
source cell and the new source cell from one of the presynaptic cells since both cell would be
expressing G.
	
  

Figure 1.5. Rabies tracing strategies currently being used.
(A-C) A cartoon of the rabies variants being used for tracing is shown in the bounded box with
their short form names written in green. The rabies genome encodes 5 proteins including the
envelope glycoprotein (G). (A, D) The virus will infect axon terminals of neurons and spread
incessantly in a retrograde manner. (B, E) For applications in mapping projections of a subset of
neurons the RV-DG-eGFP is used. In this case the virus is coated with its native glycoprotein like
the polysynaptic version shown in (A), however, the glycoprotein gene is replaced with the gene
expressing a green fluorescent protein (GFP). This prevents the virus from spreading after
infecting the first subset of neurons. (C-F) The EnvA pseudotyped virus (RV-DG-EnvA-eGFP)
with a glycoprotein from an avian virus can be used to target neurons expressing the EnvA
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receptor TVA. (F) Transcomplementation with G allows the rabies virus to jump across synapses
once. This technique can be varied to target single neurons for tracing its presynaptic partners by
electroporating the gene for TVA, G, and mCherry into a single cell. The transfected fluorophore
marks the electroporated postsynaptic starter cell.
1.4.4 Viral Stamping
To overcome the challenges of the single cell tracing technique described above, we sought
to increase the efficacy and utility of this procedure by developing a single-step touch-based viral
delivery method called viral stamping. The idea was to directly target the cell body for infection
with chemically coupled RV-ΔG-eGFP and a helper virus that would stably co-infect a host cell
and deliver the rabies glycoprotein to perform monosynaptic rabies tracing in a single step and in a
targeted manner. Two important points to note for stamping to work: first, as mentioned above
RV-ΔG-eGFP can only infect neurons through its axon terminals, which would make this
particular rabies variant not suitable for stamping as it requires targeting the cell body for
infection. Second, the helper virus must co-infect efficiently with rabies and express the
glycoprotein coat for rabies robustly enough to provide the transcomplementation for rabies to
jump across synapses. We pseudotyped both our RV-ΔG-eGFP and our lenti helper virus with the
VSV-G coat to allows them an ability to simultaneously co-infect all cell types via their cell body.
In addition to achieving the experimental objectives mentioned, the VSV-G coat endows the
pseudotyped virus high stability, low toxicity, and a high multiplicity of infection. Details of this
procedure are described in chapter 4. To demonstrate its utility in targeted single cell circuit
tracing we are developing viral stamping for in-vivo applications where we plan on performing
sequential monosynaptic rabies tracing in layer 2/3 pyramidal neurons in mouse visual cortex, invivo. Ultimately, the most informative experiments in neural circuits are ones that can draw causeeffect relationships between presynaptic and postsynaptic activity in intact brain30,39,45. To do this
we will integrate the latest imaging tools with our rabies vectors to monitor neural activity and
subsequently do large volumetric imaging with advanced light microscopy techniques such as
CLARITY46 to correlate structure with function. The combination of this approach will allow us
unprecedented insights for neural connectivity at meso and macroscales.
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1.5 Structure and Scope of Thesis
In this thesis I first focused on the development of using SCFS to understand neural
connectivity at the microscale level in an ex-vivo system. The core of this work consists of the 2
papers that correspond to Chapters 2, and 3. In Chapter 2, the basic methodology of recording
adhesion measurements from single mammalian cells using SCFS is introduced and described.
SCFS experiments are conducted with an AFM (CellHesion II, JPK Instruments) mounted on an
inverted fluorescence microscope that is specifically designed to monitor cellular morphology and
protein expression on fluorescently tagged proteins. In Chapter 3, the technique and methodology
are expanded in complexity and go one step further and combine SCFS with genetic engineering
to characterize the contribution of individual domains of neuronal surface receptors to neuronal
outgrowth. Finally, in Chapter 4, I describe a new technique involving a touch based viral delivery
device using chemically coupled VSV-G pseudotyped viruses that we term viral stamping. We
study the connectivity of neural circuits by tracing the inputs to single neurons within and across
different neuronal cell classes and brain regions. The idea of implementing this technique was to
gain greater insights into the mechanisms supporting information processing by single neuronal
networks and determine the link between connectivity and function of single neurons throughout
the brain.
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2.1 Abstract
Single-cell force spectroscopy (SCFS) is becoming a widely used method to quantify the
adhesion of a living cell to a substrate, another cell or tissue. The high sensitivity of SCFS permits
determining the contributions of individual cell adhesion molecules (CAMs) to the adhesion force
of an entire cell. However, to prepare adherent cells for SCFS, they must first be detached from
tissue-culture flasks or plates. EDTA and trypsin are often applied for this purpose. Because
cellular properties can be affected by this treatment, cells need to recover before being further
characterized by SCFS. Here we introduce atomic force microscopy (AFM)-based SCFS to
measure the mechanical and adhesive properties of HeLa cells and mouse embryonic kidney
fibroblasts while they are recovering after detachment from tissue culture. We find that mechanical
and adhesive properties of both cell lines recover quickly (<10 min) after detachment using
EDTA, while trypsin-detached fibroblasts require >60 min to fully recover. Our assay introduced
to characterize the recovery of mammalian cells after detachment can in future be used to estimate
the recovery behavior of other adherent cell types.
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2.2 Introduction
Specific adhesive interactions between cells and extracellular matrix (ECM) or between
cells play crucial roles in cellular communication, tissue organization, and embryonic development
and wound healing. Accordingly, a wide variety of diseases is associated with impaired cell
adhesion47-50. Animal cells sense and adhere to their extracellular environment via cell adhesion
molecules (CAMs), which are typically transmembrane proteins. Specific interactions between
CAMs and their extracellular ligands induce intracellular signaling pathways, which regulate the
adhesive and mechanical properties of cells besides other cellular processes. CAMs are classified
into different families, including integrins, cadherins and selectins51-54. To strengthen the cellular
attachment to an extracellular substrate, multi-protein complexes anchor CAMs to the
cytoskeleton. Key cytoplasmic adaptor proteins include talin, kindlin, vinculin and catenins55-58.
Due to the general importance of cell adhesion, the interaction of CAMs and their ligands are
studied extensively using various, yet mostly qualitative, methods59,60. However, as these
qualitative methods can provide helpful insights, describing the adhesive interactions of cells in
detail benefits greatly from measuring quantitative parameters such as cell adhesion forces,
kinetics and energies.
Single-cell force spectroscopy (SCFS) offers the possibility to measure adhesive forces and
energies of single cells adhering to a biotic or abiotic substrate, another cell or tissue61,62. SCFS
methods are based on force sensing devices such as optical or magnetic tweezers, micropipettes, or
atomic force microscopy (AFM)60,63,64. In these SCFS-based methods the cell is brought into
contact with an adhesive substrate or another cell for a given contact time and then separated.
While approaching and retracting the cell, the interaction forces are recorded and provide a
quantitative measure of the adhesive interactions between cell and substrate. Among all currently
available SCFS methods, AFM-based SCFS covers the largest dynamic force range from ≈10 pN
to ≈100 nN that can be measured62,64,65. This wide range permits quantifying the adhesive force of
an entire cell down to the adhesive force established by single CAMs. AFM-based SCFS attaches
a single cell to the apex of a tipples AFM cantilever (Figure. 2.1). To facilitate cell attachment, the
cantilever is coated either with a substrate-mimicking ligand (e.g., cell surface receptors or ECM
proteins including collagens, laminins, or fibronectin), concanavalin A (ConA) to bind
carbohydrates on the cell surface, antibodies, or an unspecific adhesive (e.g., CellTak, poly-L	
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lysine)29,61,66-77. The cantilever-bound cell is then approached either to a protein-coated substrate,
another cell, tissue explant or biomaterial. After a pre-determined contact time, during which the
cell is allowed to initiate adhesion, the cantilever is retracted until cell and substrate are fully
separated. During the approach and retraction cycle cantilever deflection (e.g., force) and cellsubstrate distance are recorded in so-called force-distance (FD) curves (Figure 2.1C). Analysis of
the FD curves provides several quantitative insights into the cellular interaction with the substrate.
The approach FD curve provides insight into the mechanical properties of the cell being pressed
onto the substrate64,72,78-80. The retraction FD curve provides the maximum detachment force, also
called adhesion force, of the cell. However, two types of smaller unbinding events contained in the
retraction FD curves correspond to the unbinding of single or clustered CAMs26,61,62,64,65. These
unbinding events are frequently named rupture and tether events, and differ in the molecular
scenarios leading to their emergence. In rupture events, the CAMs remain anchored to the actincytoskeleton and upon exposure of mechanical stress detach from their extracellular ligand68,76,77,8183

. If the anchorage to the cytoskeleton breaks before a CAM unbinds from the extracellular ligand

or if the CAM has not been attached to the cytoskeleton in the first place, the CAM is pulled away
from the cell cortex on the tip of a membrane tether26,65,84. In this so-called tether event, the tether
is mechanically extended until the receptor-ligand bond breaks. The force required to extend a
tether from the cellular membrane does not depend on the strength of the CAM-ligand bond but
rather on mechanical properties of the cellular membrane (e.g., bending rigidity, viscosity, and
tension)84, the velocity at which the tether is extracted from the membrane, and on cell membrane
attachment to the cortical cytoskeleton. In rare cases, tether extension from the cellular membrane
terminates when the tether fails or if the receptor is pulled out of the membrane84,85. In the later
separating phase between cell and substrate, the cell body is not in contact with the substrate
anymore and tethers exclusively mediate cell adhesion76. The analysis of tether unbinding events
can provide information on the lifetime of single CAM bonds, the mechanical properties of the cell
cortex, and cell membrane tension76,81,84,86-89.
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Figure 2.1. Scheme of AFM-based SCFS. (A and B) To use a single cell as a probe it is bound to
a concanavalin A (ConA)-coated tipples AFM cantilever (scale bar, 10 µm). (A) (i and ii) The
cantilever is approached onto a protein-coated substrate until a preset contact force is reached.
After a defined contact time (ii), the cantilever is retracted until the cell is fully separated from the
substrate (iii and iv). During approach and retraction, the cantilever deflection and thus, the force
acting on the cell is recorded in force-distance (FD) curves. (C) FD curves show different features:
In the approach FD curve (red) the cantilever deflection measured upon pressing the cell onto the
substrate correlates with the stiffness of the cell and is called contact stiffness78. The retraction FD
curve (black) records the adhesion force of the cell, which represents the maximum downward
force deflecting the cantilever and thus the maximum force needed to detach cell and substrate.
After recording the maximum adhesion force, single receptor unbinding events are observed.
Rupture events are recorded when the CAM-ligand bond of a cytoskeleton-linked CAM fails.
Tether events are recorded when a membrane tether is extruded from the cell membrane with the
CAM at its tip (tethers). In the latter case attachment of the CAM to the cytoskeleton is either too
weak to resist the mechanical stress applied or non-existent65,84,85.

Although SCFS measurements and other methods applied to characterize cell adhesion
provide quantitative and qualitative insights into cell adhesion, a drawback is that adherent cells
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must first be detached from culturing flasks in order to characterize their adhesion to a given
substrate. Cells are commonly detached with trypsin and/or ethylenediaminetetraacetic acid
(EDTA)73,90,91. Although some CAMs, such as a2b1 integrin60, are trypsin resistant, other CAMS
such as cadherin are sensitive to trypsin cleavage92. Furthermore, other proteins involved in the
initiation of cell adhesion may be indirectly activated by trypsin cleavage. For example, trypsin
has been shown to cleave and activate protease-activated receptors (PARs), which regulate various
cellular processes, including actomyosin cortex function and adhesion93-95. Moreover, trypsin
cleaves proteoglycans, which can contribute to cell adhesion96. Because EDTA chelates divalent
ions its presence can perturb calcium and magnesium dependent cellular processes45,97. Although
some CAMs are not functionally dependent on divalent ions, many CAMs (e.g., integrins and
cadherins) require the availability of divalent ions for stably interacting with their ligand and, thus,
are inhibited upon EDTA treatment. However, it is not entirely clear if and how EDTA and trypsin
treatment affects subsequent cell adhesion measurements, especially directly after the cells have
been detached from culture flasks. To circumvent this uncertainty, in many SCFS studies cells
were explicitly left to recover for a certain time after detachment from the cell culture flask before
characterizing their adhesion properties61,68,71,72,77-79,98-100. However, to our best knowledge a
systematic approach to characterize the recovery time needed to conduct reproducible cell
adhesion experiments has not been published. Here we introduce a simple assay to characterize the
time dependent mechanical and adhesive affects of enzymatic and non-enzymatic detachment
agents on two most commonly used eukaryotic cell lines. For this assay we first detach vertebrate
cells using either EDTA or trypsin, then allow them to recover from the detachment process for
different time ranges and subsequently use SCFS to quantify their adhesive properties to collagen
I, fibronectin fragments and BSA. The experiments show that the recovery times of the cell lines
depend on the detachment method and that trypsin treatment can highly up regulate cell adhesion
to certain types of ECM proteins. After increased waiting times cells return to a ‘normal’ adhesion
mode that is not influenced by the agents used for detaching cells from culture flasks. The
approach described can be used to determine the ‘recovery time’ after detachment of virtually any
eukaryotic cell type whose adhesive properties are to be characterized. The described protocol can
thus be implemented in every SCFS-based study to exclude effects of the cell detachment process
on the outcome of the experiments.
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2.3 Materials and Methods
2.3.1 Cell Culture
HeLa (Kyoto) cells and mouse kidney fibroblasts were maintained in DMEM (Gibco-Life
technologies, NY, USA), supplemented with 10% (v/v) fetal calf serum (FCS, Sigma, Steinheim,
Germany), 100-units/mL penicillin (Gibco-Life technologies) and 100-µg/mL streptomycin
(Gibco-Life technologies). HeLa cells were grown on untreated and fibroblasts on fibronectin
(Calbiochem-Merck, Darmstadt, Germany) coated tissue culture flasks (Jet BioFil, Guangzhou,
China).
2.3.2 Expression and purification of fibronectin fragments
Fibronectin

fragment

FNIII7-10 and

RGD-deleted

fibronectin

fragment

FNIII7-

10∆RGD were expressed from plasmid pET15b-FNIII7-10 in E.coli BL21 (DE3) pLysS as
described101. Briefly, cells were grown in Lennox L broth (Invitrogen, Carlsbad, USA)
supplemented with 100 µg/mL of ampicillin (Sigma, Buchs, Switzerland) and 34 µg/mL
chloramphenicol (Sigma) at 37°C. Expression was induced with 500 mM isopropyl thiogalactose
(IPTG, Sigma) at optical density (OD)600 = 0.6. Cells were harvested after 4 h, re-suspended in
buffer (20 mM Tris-HCl, 150 mM NaCl, pH 8.0), and broken by sonication. Cell debris was
removed by ultracentrifugation at 40'000xg for 45 min. The soluble protein fraction was bound to
nickel-nitrilotriacetic acid resin (Protino® Ni-NTA Agarose, MACHEREY-NAGEL, Düren,
Germany) for 2 h at 4°C. The resin was then loaded onto a column and washed with buffer
(20 mM Tris-HCl, 150 mM NaCl, 10 mM imidazole, pH 8.0). FNIII7-10 was eluted with elution
buffer (20 mM Tris-HCl, 150 mM NaCl, 500 mM imidazole, pH 8.0). Peak fractions were pooled
and dialyzed against imidazole free buffer (20mM Tris-HCl, 150 mM NaCl, pH 8.0). The protein
concentration was adjusted to 1.0 mg/mL with dialyzing buffer and aliquots were stored at -20°C.
2.3.3 Surface coating of cantilever and petri dishes
Cantilevers (NP-0, Bruker, USA) were prepared for cell attachment as described
previously 73. In short, cantilevers were plasma-cleaned prior to overnight incubation (at 4°C) in
ConA (2 mg/mL, Sigma) in PBS. The glass bottoms of Petri dishes (35 mm FluoroDish, World
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Precision Instruments, US) were overlaid with a PDMS mask to allow four different coatings of
the glass surface 76. Three of the four PDMS framed glass surfaces were incubated overnight in
PBS at 4°C either with collagen I (160 µg/mL, Inamed Biomaterials, Fremont, CA), fibronectin
fragment FNIII7-10 (50 µg/mL), RGD deleted fibronectin fragment FNIII7-10∆RGD (50 µg/mL) or
BSA (Sigma). The fourth segment was left uncoated.
2.3.4 SCFS
For SCFS a CellHesion 200 (JPK Instruments, Berlin, Germany) mounted on an inverted
microscope (Observer.Z, Zeiss, Jena, Germany) was used102. During SCFS cells were maintained
at 37°C using a temperature controlled incubator box (LIS, Basel, Switzerland). 200 µm long tipless V-shaped silicon nitride cantilevers having nominal spring constants of 0.06 N/m (NP-0,
Bruker) were used for adhesion measurements. The spring constant of every cantilever was
determined prior the experiment using the thermal noise method
104

103

, which accuracy lies at ≈10%

.
Overnight serum-starved fibroblasts and HeLa cells grown in 24 well plates (Thermo

Scientific, Roskilde, Denmark) to confluency of ≈80% were washed with PBS and detached with
either 200 µL of 15 mM EDTA (BioUltra Grade, Sigma) or 0.05 % (w/v) trypsin (Sigma), both in
PBS, for four and two minutes, respectively. Detached cells were suspended in SCFS media
(DMEM supplemented with 20 mM HEPES) containing 1% (v/v) FCS, pelleted and resuspended
in serum free SCFS media. Throughout experiments the PDMS masks framing the four segments
of glass surfaces remained on the Petri dishes. Each PDMS mask of a Petri dish was washed with
SCFS media to exchange coating buffers and to remove weakly attached proteins of the individual
glass segments. Cell suspensions were pipetted into the Petri dishes containing the substratecoated glass supports and allowed to settle. To attach single cells, the apex of a calibrated, ConA
functionalized cantilever was lowered with a velocity of 10 µm/s onto a cell until reaching a
contact force of 3 nN. After 5 seconds contact, the cantilever was retracted from the Petri dish by
50 µm. Cells were incubated in SCFS media for different times to characterize cell adhesion after
different recovery times. For adhesion experiments, cantilever bound cells were lowered onto a
given substrate-coated glass segment with a velocity of 5 µm/s until reaching a contact force of
1 nN. The cantilever was maintained at this position (constant height) for 60 seconds and
subsequently retracted with 5 µm/s for >90 µm until the cell detached from the substrate-coated
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glass segment. After detachment from the substrate segment the cell was allowed to recover for 60
seconds before probing adhesion to the next substrate-coated glass segment. A single cell was
either used to probe adhesion for all three recovery times. As soon as the cell showed
morphological changes (e.g. spreading on the cantilever) it was replaced. Cell Adhesion at
recovery times >60 min were quantified using cells additional to those probed in earlier recovery
times. Cells were never allowed to recover >90 min after detachment from the culture flask.
Adhesion forces were extracted from FD curves using the JPK data processing software (JPK
Instruments). Cell stiffness, rupture forces, and tether forces were analyzed using in-house build
routines, which were based in Igor 6 (Wavemetric, Oregon, USA). Statistical test were done in
Prism (GraphPad, La Jolla, USA).

2.3.5 Confocal microscopy
To image F-actin and non-muscle myosin IIA, we used a HeLa cell line expressing human
MYH9-GFP and Lifeact-mCherry. Geneticin (0.5 mg ml-1, Life Technologies) and puromycin
(0.5 µg ml-1, Life Technologies) were used for antibiotic selection. An inverted confocal
microscope (Observer.Z1, LSM 700, Zeiss) with a 63x/1.3 LCI Plan-Neofluar water immersion
objective (Zeiss) was used. Cells were maintained at 37°C using a Petri dish heater (JPK
Instruments). In all the representative images shown, contrast and brightness were adjusted to
similar levels for visual comparison using Zeiss AxioVision software (Rel. 4.8).
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2.4 Results
To characterize a potential influence of the detachment process of adherent cells from
culture flasks on the cell’s ability to re-establish adhesion, mouse kidney fibroblasts and HeLa
cells were detached from flasks using either 15 mM EDTA or 0.05 % (w/v) trypsin. After a certain
recovery interval in media, cells were non-specifically attached to tipples AFM cantilevers
functionalized with concanavalin A (ConA). SCFS was then used to characterize the adhesion of
an attached cell to different substrates (Figure 1). The parameters extracted from the approach and
retract FD curves recorded in these experiments were contact stiffness of the cell pressed to the
substrate, maximum adhesion force of the cell, and the force of the single rupture and tether events
(Figure 2.1C). In the following paragraphs we will report how the cell detachment procedure from
culture flasks affects each of these parameters.
2.4.1 Characterizing the contact stiffness of cells after detachment from culture flasks
To conduct adhesion measurements by SCFS, single cells attached to the AFM cantilever
are pressed onto a substrate for a given contact force and time. Normally contact forces on the
range of a few nN are chosen, which distribute over the entire contact area of cell and substrate
and result in a relatively small contact pressure applied to the cell. For example, when pressing
mouse kidney fibroblasts onto the substrate at a contact force of 1 nN, the contact area estimated
from optical microscopy is 70.4 ± 12.2 µm2 (average ± SD, n=8). This results in a contact pressure
of 14.6 ± 2.8 N/m2 (e.g., Pa), which is much smaller than the typical intracellular pressure (≈1010.000 Pa) generated by animal cells105-107. However, if the procedure applied to detach the cells
from cell culture flasks significantly influences the mechanical properties of the cell, pressing a
softer or stiffer cell onto the substrate at a given contact force results in different cell-substrate
contact areas. Variations of the contact area can have a direct impact on the number of CAMs that
could bind their ligands and establish adhesion. Accordingly, if the mechanical properties of the
cell would vary with the time after detachment from the culture flask this could have a
considerable impact on the SCFS measurements.
Our SCFS experiments show that the contact stiffness of mouse kidney fibroblasts does not
significantly change with increasing recovery time after detachment from the cell culture flask by
trypsin (Figure 2.2). After EDTA detachment from the culture flasks, the mean contact stiffness of
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fibroblasts shows small variations of less than 20% (940 pN/µm to 1160 pN/µm) between different
recovery times, and the contact stiffness of single cells distributed widely for each recovery time.
We therefore consider this difference insignificant (P-values > 0.01). The independence of contact
stiffness on recovery time is also observed for HeLa cells detached by EDTA or trypsin. These
measurements suggest that at the contact force applied and within the sensitivity of the SCFS
measurements, detachment from the cell culture flasks by either EDTA or trypsin does not change
the mechanical properties of the cell and, thus, not the contact area between cell and substrate.

Figure 2.2. Contact stiffness of (A) mouse kidney fibroblasts and (B) HeLa cells for different
recovery times after detachment from cell culture flasks. The contact stiffness was determined as
depicted in Figure 1. SCFS experiments on different substrate coatings are combined for different
recovery times. The recovery time denotes the time cells were allowed to recover after detachment
from culture flasks using either EDTA or trypsin. Within this recovery time cell adhesion to the
different substrates was characterized using SCFS. Each dot represents one SCFS measurement,
approaching a single fibroblast or HeLa cell at 5 µm/s to the substrate until reaching a contact
force of 1 nN. Red bars indicate average values. <n> gives the number of measurements for each
condition. Mann-Whitney P-values (in gray) indicating the significance of measurements
compared to those made after a recovery time of >60 min.
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2.4.2 Cortical actomyosin localization shows no significant changes during recovery after
detachment from culture flasks
An AFM cantilever compressing a rounded cell by a few µm mainly measures the
mechanical properties of the actomyosin cortex108. In the previous section we observed no changes
of the contact stiffness of mouse embryonic kidney fibroblasts and of HeLa cells detached by
trypsin or EDTA. Previous experiments suggest that the enrichment of cortical F-actin and myosin
II correlates with higher cell cortex tensions in interphase cells109,110. Thus, our SCFS results
showing that the mechanical properties of cells remain unchanged over the entire recovery time
course suggest that the actomyosin cortex of the cells remains unchanged as well. To further
investigate whether this is indeed the case we imaged the dynamics of actin and myosin in HeLa
cells stably expressing Lifeact-mCherry and MYH9-GFP after detachment from culture flasks
using EDTA or trypsin (Figure 2.3). Regardless of the detachment method applied, the live cell
confocal microscopy images revealed no significant elevation of F-actin or myosin IIA forming
the actomyosin cortex thickness. The confocal microscopy images support the observation by
SCFS that the cortical stiffness remained unchanged over the same time course.

Figure 2.3. Tracking the actomyosin cortex after detachment with (A) EDTA or (B) trypsin.
Confocal images of HeLa cells expressing mCherry labeled F-actin (Lifeact-mCherry, red) and
GFP labeled myosin II (MYH9-GFP, green). Images were acquired every 10 minutes through the
center of the cell. Cells were detached from cell culture flasks with 0.05% trypsin or 15 mM
EDTA, and seeded in SCFS medium devoid of either trypsin or EDTA. Scale bar 20 µm, applies
to all images.
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2.4.3 Influence of recovery time on cell adhesion
Next, we investigated whether the adhesion force of mouse kidney fibroblasts or HeLa
cells to different substrates depends on the detachment method from the culture flasks. For
fibroblasts we used substrates featuring collagen I, a fibronectin type III fragment containing
repeat 7-10 domains (FNIII7-10) and a fibronectin FNIII7-10 fragment lacking the integrin binding
site (FNIII7-10∆RGD). Whereas fibroblasts can specifically adhere to collagen I and to FNIII7-10
via integrins, they are unable to specifically adhere to FNIII7-10∆RGD101,111. Thus, FNIII7-10∆RGD
was used as a control to characterize unspecific fibroblast adhesion. SCFS showed that the
adhesion force of fibroblasts to the two specific substrates collagen I and FNIII7-10 does not
depend on the recovery time of the cell if detached from culture flasks using EDTA (Figure 2.4A).
Although adhesion forces to the FNIII7-10ΔRGD control substrate decreases slightly after >60 min
of recovery, the averages differ only by about 200 pN resulting in lower significance levels.
However, fibroblasts detached from culture flasks in the presence of 0.05 % (w/v) trypsin showed
a different behavior. While adhesion of fibroblasts to collagen I did not depend on the recovery
time after trypsin-induced detachment, adhesion to both fibronectin constructs showed clear time
dependence. In both cases cell adhesion was at first strongly enhanced after detachment and only
after recovery times >60 min showed values equal to those observed for fibroblasts detached from
culture flasks using EDTA. This highlights that trypsin treatment to detach fibroblasts from cell
culture flasks activates their adhesion to fibronectin. As fibroblast adhesion to the FNIII7-10ΔRGD
control substrate can be seen as being unspecific the results suggest trypsin cleavage to slightly
increase unspecific adhesion as well.
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Figure 2.4. Adhesion force of (A) mouse kidney fibroblasts and (B) HeLa cells recorded after
different recovery times from trypsin or EDTA treatment. Fibroblast adhesion forces were
recorded to collagen I, fibronectin type III fragment containing repeats 7-10 (FNIII7-10), or the
same fibronectin fragment lacking the RGD sequence (FNIII7-10∆RGD). Adhesion forces of HeLa
cells were recorded to collagen I, FNIII7-10, or BSA. Cantilever-bound cells pressed on the
substrate with a force of 1 nN were allowed to initiate adhesion for 60 seconds prior to retraction.
Each dot represents a single cell characterized. Red bars indicate average values. <n> gives the
number of measurements for each condition. Mann-Whitney P-values indicating the significance
of the measurements compared to those made after a recovery time of >60 min given in gray.
Using HeLa cells we characterized adhesion to collagen I, FNIII7-10, and bovine serum
albumin (BSA). In contrast to fibroblasts HeLa cells showed a relatively high adhesion to FNIII710ΔRGD coated substrates (data not shown). Thus, we used BSA as substrate, which is frequently
used to suppress unspecific cell adhesion to the supporting glass surface112,113. The adhesion force
of HeLa cells to the three different substrates was largely independent on the detachment method
(EDTA or trypsin) from culture flasks prior to SCFS measurements (Figure 2.4). These results
highlight that the adhesive properties of different cell lines are differently affected by the
procedure used to detach the cells from culture flasks.
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2.4.4 Rupture events do not depend on recovery time
After having characterized the maximum cell adhesion force of fibroblasts and HeLa cells
to different ECM substrates, we analyzed the rupture events recorded during cell-substrate
detachment (Figure 2.5). These rupture events correspond to the breaking of individual or clusters
of CAM-ligand bonds exposed to mechanical stress. Rupture events recorded for fibroblasts and
HeLa cells detached from culture flasks using EDTA or trypsin prior SCFS did not show
significant dependency on recovery time (Figure 2.5). This result may be seen in contradiction to
the increased adhesion strength of fibroblasts to the fibronectin constructs, which depended
strongly on the recovery time of the fibroblasts after trypsin treatment (Figure 2.4). However,
because the strength of the single rupture events (median rupture force ≈50 pN with data points
spreading from 15 to 400 pN) were not affected by trypsin (Figure 2.5) our result suggests that the
increased fibroblast adhesion to FNIII7-10 originated from increased avidity (e.g., availability of
CAMs binding to fibronectin) rather than increased affinity (e.g., binding strength of CAMs to
fibronectin).
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Figure 2.5. Forces of single rupture events recorded for (A) mouse kidney fibroblasts and (B)
HeLa cells after different recovery in times from EDTA or trypsin treatment. Rupture forces were
recorded upon detaching single fibroblasts adhering to Petri dishes coated with collagen I, FNIII710, or FNIII7-10∆RGD and upon detaching HeLa cells adhering to Petri dishes coated with
collagen I, FNIII7-10, or BSA. Cells were pressed onto the substrates with a 1 nN contact force and
were allowed to establish adhesion for 60 seconds. Subsequently, the cantilever was retracted at 5
µm/s for at least 90 µm. The recovery time denotes the time cells were allowed to recover after
detachment from culture flasks using either EDTA or trypsin. After the recovery time passed,
adhesion of the cells to the different substrates was characterized using SCFS. Each dot represents
one rupture event with the red bars indicating median values. Mann-Whitney P-values indicating
the significance of the measurements compared to those made after a recovery time of >60 min are
given in gray.
2.4.5 Tether forces do not depend on recovery time
Next, we characterized the forces required to extract single tethers from fibroblasts and
HeLa cells while being detached from the three different substrates (Figure 2.6). Although the
median tether forces statistically sometime depended on the recovery time after detachment from
the culture flasks, the differences were very minor (<10 pN) compared to the spread of the data
points (Figure 2.2.6). Thus, we do not consider the tether force differences as relevant for the
detachment process using either EDTA or trypsin. Because the force required to extract tethers
from cell membranes depends on the properties of the cell membrane and not on the CAM bond
adhering the tether to the substrate, this result indicates that the properties of the cell membrane do
not depend on the procedure used to detach the cells from the culture flasks.
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Figure 2.6. Forces required to mechanically extract single tethers from (A) fibroblasts and (B)
HeLa cells after different recovery in times from EDTA or trypsin treatment. Tether forces were
recorded upon detaching single fibroblasts adhering to Petri dishes coated with collagen I, FNIII710, or FNIII7-10∆RGD or upon detaching HeLa cells adhering to Petri dishes coated with collagen
I, FNIII7-10, or BSA. Cells were pushed onto the substrates with a contact force of 1 nN and were
allowed to establish adhesion for 60 seconds. Subsequently, the cantilever was retracted at 5 µm/s
for at least 90 µm. The recovery time denotes the time cells were allowed to recover after
detachment from culture flasks using either EDTA or trypsin. After this recovery time passed the
adhesion of the cells to the different substrates was characterized using SCFS. Each dot represents
one tether event with the red bars indicating median values. Mann-Whitney P-values indicating the
significance of the measurements compared to those made after >60 min recovery time are given
in gray.
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2.5 Discussion
We investigated the time-dependent recovery of mechanical and adhesive properties of
eukaryotic cell lines, which, prior to measuring these properties by AFM-based SCFS, have been
detached from culture flasks using either EDTA or trypsin. Therefore, we quantified mechanical
stiffness and adhesion forces of mouse embryonic kidney fibroblasts and HeLa cells at different
recovery times after detachment from culture flasks. The contact stiffness determined for
fibroblasts and HeLa cells did not reveal any significant dependency on the detachment method
applied or on the recovery time investigated. One reason may be that the low contact force of ≈1
nN applied by the cantilever on single cells while pressing them to the substrate only weakly
deforms the cells and, thus, hardly stresses their actomyosin cortex. However, we applied only
very little contact force to the cells in our SCFS measurements and applying much higher forces of
50-100 nN through the cantilever severely deforms pre-rounded interphase cells114,115. At such high
forces the AFM cantilever probes different mechanical properties of the cell, which may depend
on pretreatment using trypsin and/or EDTA. Such dependency would change the contact area
between cell and substrate and, thus, the adhesion probed by SCFS.
There was also no significant influence on adhesive properties when detaching either cell
types from culture flasks using EDTA. EDTA chelation of divalent ions inhibits CAMs that
require divalent ions for establishing adhesive interactions116. Since the detached cells are
transferred to EDTA-free buffer solutions this result suggests that CAMs recover quickly from
EDTA treatment and can readily re-establish adhesion78. However, we can only make conclusions
concerning mouse embryonic kidney fibroblasts and HeLa cells, and for CAMs facilitating
adhesion to collagen I and fibronectin, and recovery from EDTA exposure may be need to be
characterized for every cell line and CAM to be investigated by SCFS.
Trypsin severely affected the adhesive properties of fibroblasts. Shortly after trypsininduced detachment of fibroblasts from cell culture flasks the adhesion force of these cells to the
fibronectin constructs increased considerably. Fibroblasts needed >60 min to recover adhesive
properties from trypsin treatment. In contrast the adhesion force of fibroblasts to collagen I was
not affected by trypsin pre-treatment. This latter finding is in agreement with previous
investigations showing that pre-treating CHO-A2 cells with trypsin does not cleave collagen I
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binding a2b1 integrins and does not affect cell adhesion to collagen I matrices68. Thus, pre-treating
fibroblasts using trypsin specifically upregulated CAMs binding to fibronectin. Indeed, trypsin
cleaves and activates human PAR2, which stimulates a5b1 integrin but not aVb3 integrin dependent
cell adhesion117. a5b1 integrins bind to the RGD site located in the FNIII7-10 fragment of
fibronectin111 and besides aVb3 integrins are the main CAMs for fibronectin in mouse kidney
fibroblasts118. These results highlight that only certain CAMs may be affected by the procedure
used to detach cells from culture flasks whereas other CAMs remain unaffected. Our results
furthermore show that cell detachment does not alter the affinity of fibronectin binding CAMs
(e.g., binding strength remains unchanged), but that it may upregulate adhesion forces by
increasing the avidity of these receptors (e.g., number of binding events).
To our surprise fibroblast adhesion to the FNIII7-10∆RGD covered substrate increased after
trypsin cleavage. Fibroblasts needed >60 min to recover this enhanced unspecific adhesion to
FNIII7-10∆RGD. Because mouse kidney fibroblasts have no CAMs to specifically adhere to FNIII710∆RGD118, we assume that this increased adhesion is due to an increased number of CAMs,
which may interact unspecific (e.g. via sugar residues on a5b1 integrins) with the substrate.
However, the unspecific interactions may be different for different substrates. Such substrate
dependent unspecific adhesion could explain, why the adhesion of fibroblasts to collagen I stays
similar in all recovery times after trypsin treatment.
In contrast to fibroblasts the adhesion of HeLa cells was apparently not affected by trypsin
treatment within the recovery times tested and force sensitivity of our SCFS-based assay. This
shows that cell lines can react differently to the detachment methods used and that the recovery of
each cell line must be carefully studied before characterizing its mechanical and adhesive
properties by SCFS. Importantly, these results further demonstrate that the quantification of cell
adhesion by SCFS and probably by other cell adhesion assays requires careful investigation
whether the CAMs addressed in cell adhesion studies are affected by the detachment procedure
and whether the cells characterized have sufficient time to recover from this detachment.
To date in most SCFS studies the cells were explicitly left to recover for a certain time
from their detachment from the cell culture flask before being characterized by
SCFS68,71,72,77,78,99,100,119,120. Thus, SCFS users have already allocated a certain time span to enable
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detached cells to recover. However, so far a quantitative approach to characterize this recovery has
not been presented. Our approach can be applied to characterize the recovery time of any adherent
cell after detachment from cell culture flasks. Our approach can also be used to optimize the
detachment procedure for specific cell types. For example, our measurements show that mouse
kidney fibroblasts and HeLa cells, detached from culture flasks by EDTA, do not need recovery
times of more than 10 min, whereas cells detached using trypsin need to recover for up to 60 min.
Thus, EDTA may be more suitable to detach the cell lines investigated here from culture flasks
and to investigate their mechanical and adhesive properties.
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2.7 Abbreviations
AFM – atomic force microscopy, BSA – bovine serum albumin, CAMs – cell adhesion
molecules, ConA – concanavalin A, ECM – extracellular matrix, GFP – green fluorescent protein,
FD – force-distance, FCS – fetal calf serum, MYH9 – myosin heavy chain 9, PAR – proteaseactivated receptor, SCFS – single-cell force spectroscopy.
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2.9 Supplementary information

Supplementary Figure 2.1. Histograms of forces of single rupture events recorded for mouse
kidney fibroblasts and HeLa cells after different recovery in times from EDTA or trypsin
treatment. Histograms belong to data shown in Figure 5.
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Supplementary Figure 2.2. Histograms of forces of single tether events recorded for mouse
kidney fibroblasts and HeLa cells after different recovery in times from EDTA or trypsin
treatment. Histograms belong to data shown in Figure 6.
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3.1 Abstract
Teneurins are evolutionarily conserved transmembrane receptors that function as axon
guidance and target selection molecules in the developing nervous system. How teneurins
recognize each other, whether they establish neuronal adhesion, and which teneurin specific
interactions guide neurons remains to be determined. To reveal insight into these pertinent
questions we combine AFM-based single-cell force spectroscopy with genetic engineering and
quantify the interactions teneurins establish between animal cells. Using a combinatorial approach
of deletions and swaps of teneurin-1 and teneurin-2 domains, we unravel that teneurins use their
NHL (NCL-1, HT2A and Lin-41) domain to select homophilic teneurins from adjacent cells. This
homophilic recognition of teneurins initiates cell-cell adhesion that, dependent on the intracellular
domain, strengthens over time. Neurite outgrowth assays show that establishing and strengthening
of teneurin-mediated homophilic cell-cell adhesion is required to stop outgrowth. Based on the
results we introduce a molecular model of teneurin domains that specify cellular recognition,
adhesion strengthening and neuronal pathfinding. The combined force spectroscopy and genetic
approach can be applied to quantitatively decipher the contribution of any neuronal receptor
domain and more generally of a given cell surface receptor domain to cell-cell recognition and
adhesion.
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3.2 Introduction
The assembly of a functional nervous system depends on precisely regulated neurite
outgrowth, axon guidance and recognition of the target area to form appropriate synapses. Many
molecular cues are known that guide axons and help in neuronal partner matching7. Teneurins are
a family of evolutionarily conserved cellular receptor proteins121 that are involved in setting up
neuronal circuits in Drosophila122,123, in mouse124 as well as in humans125. Teneurins consist of an
N-terminal intracellular domain followed by a single span transmembrane domain, and a large
extracellular part harboring the following assemblies of repeats: the epidermal growth factor
(EGF) domain consisting of eight EGF-like repeats, the NHL domain consisting of several NHL
(from NCL-1, HT2A, and Lin-41) repeats, and a YD (tyrosine and aspartate) domain consisting of
twenty-six YD repeats121 (Figure 3.1A). In vertebrates, four paralogs called teneurin-1 to -4 exist
with distinct non-overlapping patterns of expression in specific subpopulations of neurons126,127.
Biochemical as well as cell culture experiments suggested that teneurins undergo homophilic
(same teneurins) interactions128,129. However, it is unknown by which mechanisms teneurins of two
neuronal cells recognize each other, whether or not these interactions result in the formation of
adhesive contacts, and how teneurins select and interact with each other to guide neurons.
So far atomic force microscopy (AFM)-based single-cell force spectroscopy (SCFS) has
been applied to quantify the adhesive interactions of living cells to molecular resolution61,65. This
allowed quantifying the contribution of cell surface receptors towards establishing cell-cell
adhesion61,78. In the present study we go one important step further and combine SCFS with
genetic engineering to characterize the contribution of individual domains of neuronal surface
receptors to neuronal outgrowth. Our results unravel that teneurins select for homophilic
interaction partners (same teneurins) and function as cell-cell adhesion receptors. Using a
combination of deletions and swaps of teneurin-1 and teneurin-2 domains, we identify which
teneurin domains facilitate molecular recognition between cells, strengthen cell-cell adhesion, and
direct neurite outgrowth. Based on these results we introduce a model of how teneurins of
neuronal cells interact.

	
  

	
  

3.3 Results
3.3.1 Extracellular domains of teneurins establish and strengthen homophilic cell-cell adhesion
To test if teneurins can act as cell-cell adhesion receptors we established an ex vivo system
in which human embryonic kidney 293 (HEK293) cells overexpressed either GFP- or RFP-tagged
full-length teneurin-1 or -2 from chicken, respectively (Figure 3.1A). Surface expression was
confirmed with antibody staining against the extracellular EGF domains of teneurin-1 or -2 in
comparison to the fluorescent protein tag fused to the intracellular N-termini of the teneurins
(Figure 3.1B and supplementary Figure S3.1). The overexpression level of chicken teneurins,
which was 20-40-fold higher compared to that of endogenous teneurins expressed by HEK293
cells, was controlled qualitatively and quantitatively using fluorescence microscopy, measuring the
mRNA level (Figure 3.1C), and by FACS sorting (supplementary Figure S3.1A,B). Next, we
applied SCFS to quantify the adhesion between HEK293 cells overexpressing teneurins
(Figure 3.1D). SCFS has been established in the past decade to quantify the adhesion strength of
live cells from the cellular to molecular scale61,65. In our SCFS experiments we brought two
HEK293 cells into contact for a predefined time (ranging from 1-120 s) and force (1 nN) allowing
the cells to form adhesive contacts. After this initial contact time, both cells were separated and
their maximal adhesion force measured (Figure 3.1D).
In our first set of SCFS experiments we characterized the adhesive strengths between
homotypic and heterotypic couples of HEK293 cells overexpressing either full-length teneurin-1,
full-length teneurin-2, and as control HEK293 cells expressing teneurin-2 lacking the extracellular
domains (Figure 3.1E). For all contact times tested, the adhesive force established between cells
expressing teneurin-1 or between cells overexpressing teneurin-2 was much higher compared to
the adhesive force established between HEK293 cells expressing different teneurins or teneurins
devoid of their extracellular domains (Figure 3.1E,F). This enhanced adhesion was also not
observed for wild-type HEK293 cells that did not overexpress teneurin (supplementary Figure
S3.1C,D). Furthermore, the adhesive force of cells overexpressing the same full-length teneurins
increased strongly with contact time. Thus, the adhesive contacts formed between teneurin
overexpressing cells strengthened over time. We conclude that to establish strong cell-cell
adhesion both cells have to express the same type of teneurins including their extracellular
domains. In addition, the results demonstrate that teneurins mediate homophilic cell-cell adhesion,
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which significantly strengthens over time. The recorded differences in cell–cell adhesion are
unlikely to be a consequence of dissimilar morphological or mechanical cell-properties, as neither
cell size nor 'contact stiffness'78 correlated with the maximum adhesion forces (Figure 3.1G).
Taken together these results confirm that the strong homophilic adhesion established between
teneurin overexpressing cells requires the presence of the teneurin extracellular domains.
3.3.2 NHL teneurin domain facilitates homophilic recognition
To characterize which of the extracellular teneurin domains facilitate homophilic
recognition between cells we took two approaches. In one approach we deleted one teneurin
domain after the other starting at the C-terminus. In the other approach we swapped domains
between teneurin-1 and -2 (Figure 3.1A). The adhesion between HEK293 cells overexpressing
these different teneurin constructs was characterized by SCFS (Figure 2, supplementary Figure
S3.2 and S3.3). Cell couples overexpressing teneurin-2 lacking the YD domain could establish the
typical strong homophilic adhesion similar to full-length teneurin overexpressing cells (Figure
3.2A(i)). The same was observed for cells overexpressing teneurin-1 lacking the YD domains
(supplementary Figure S2F). However, after further deletion of the NHL domain, the cells lost the
ability to establish strong adhesion (Figure 3.2A(ii)). The results did not significantly change when
one adhering HEK293 cell overexpressed full-length teneurin-2 and the other cell overexpressed
one of the truncated teneurin-2 constructs described (supplementary Figure S3.2A,B). Repeating
the same SCFS experiments for HEK293 cells overexpressing teneurin-1 constructs revealed
similar results (supplementary Figure S3.2E,F and S3.3A). These experiments suggest that as soon
as one cell lacked the NHL teneurin domain, the cell-cell couple could not establish strong
homophilic adhesion.
To investigate whether the NHL repeats alone selected for homophilic cell adhesion, we
replaced the NHL domain of teneurin-1 (NHL1) by that of teneurin-2 (NHL2) and vice versa
(Figure 3.1A). Now cells overexpressing teneurin-1 that carried the NHL2 domain could not
establish strong homophilic adhesion to cells overexpressing wild-type teneurin-1 but instead these
cells established strong ‘homophilic’ adhesion to cells overexpressing teneurin-1 carrying the
NHL2 domain and to cells overexpressing teneurin-2 (Figure 2B and supplementary Figure
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S3.3D). Conversely, strong homophilic adhesion was obtained between cells that overexpressed
teneurin-2 carrying the NHL1 domain and any other cells carrying the NHL1 domain but not with
cells overexpressing teneurin-2 anymore (Figure 2B and supplementary Figure S3.C,E). To further
characterize the contribution of the EGF domain to the homophilic cell-cell adhesion, we swapped
the EGF domains of teneurin-1 and teneurin-2 (Figure 3.1A). Cells overexpressing these teneurin
constructs showed that the NHL domain dependent strong homophilic adhesion is independent of
the origin of the EGF domain (Figure 3.2B and supplementary Figure S3.3F,G). These results
clearly demonstrate that the NHL domain of teneurin selects for homophilic interactions between
cells.
As final proof for the interaction between NHL domains we tested whether addition of
purified NHL domains (supplementary Figure S3.1F) was able to block teneurin-mediated cell-cell
adhesion. Therefore, HEK293 cells overexpressing full-length teneurin-1 were allowed to form
adhesions in the absence or presence of increasing concentrations of soluble NHL1 domains
(Figure 3.2C). As the NHL1 domain concentration approached 1 µM, homophilic cell-cell
adhesion decreased until it was suppressed completely in the presence of 1 mM NHL1 domains.
This effect was specific to teneurin-1 mediated cell-cell adhesion since addition of NHL1 domains
to HEK293 cells overexpressing teneurin-2 had no effect on their adhesion strength (Figure 3.2C).
In summary, this set of experiments shows that teneurins overexpressed in HEK293 cells establish
homophilic recognition as long as they carry the same NHL domains. EGF and YD domains do
not contribute to homophilic recognition.

3.3.3 Intracellular teneurin domain is essential to strengthen cell-cell adhesion but not for
homophilic recognition
Next, we investigated the contribution of the intracellular teneurin domain to teneurinmediated homophilic cell-cell adhesion. We engineered HEK293 cells overexpressing teneurin-2
that lacked the intracellular domain and found that these cells were unable to establish
significantly increased adhesion strengths (Figure3.2A(iii)). Thus, strengthening of homophilic
cell-cell adhesion requires the presence of the intracellular teneurin domain. To answer the
question whether the intracellular domain affects homophilic recognition between teneurin
expressing cells we swapped the intracellular domains of teneurin-1 and -2 (Figure 3.1A). Cells
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overexpressing teneurin-2 constructs carrying the teneurin-1 intracellular domain adhered with
similar strength to each other as to wild-type teneurin-2 expressing cells but could not increase
adhesion strength to cells overexpressing wild-type teneurin-1 (Figure 3.2D). All cells exhibiting
teneurin versions with identical NHL domains and either the teneurin-1 or the teneurin-2
intracellular domain adhered strongly to each other (Figure 3.2D, and supplementary Figure
S3.3E,H,I). These results show that the intracellular teneurin domain does not affect the selection
of the homophilic cell adhesion partner, but is required for the strengthening of adhesion.

Figure 3.1. Teneurin-Mediated Cell-Cell Adhesion Assay.(A) Domains, and deletion and swap
constructs of teneurin-1 (red) and teneurin-2 (green). Each domain is denoted with a one letter
code (I, intracellular; E, EGF; N, NHL; Y, YD) followed by the teneurin number. Possible
interactions of the intracellular domain with the actin cytoskeleton are indicated through adaptor
proteins, which candidates are CAP/ponsin, vinculin or unknown. (B) Confocal microscopy
images of HEK293 cells overexpressing teneurin. (i) Non-permeabilized cells have been
fluorescently stained with antibodies against the EGF domains. (ii) GFP fused to the teneurin
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intracellular domain is co-localized at the cell membranes. GFP served as reporter for teneurin
expression of each HEK293 cell strain (supplementary Figure S1). (C) Transcript levels of
endogenous and overexpressed teneurin in HEK293 cells. (D) Outline of SCFS experiments. A
single (‘probe’) cell immobilized on an AFM cantilever is approached into contact with a second
‘target’ cell. After a predefined contact time, the probe cell was retracted at 5 µm/s and adhesive
forces were detected recording the cantilever deflection over the distance travelled by the
cantilever. The force-distance (F-D) curve records the maximum adhesion force (Fmax) between
probe and target cell. (E) Fmax as a function of contact time for homophilic and heterophilic
adhesion between HEK293 cells overexpressing full-length teneurin-1 (I1E1N1Y1), full-length
teneurin-2 (I2E2N2Y2), or extracellular truncated teneurin (I2E0N0Y0). Deleted domains are
indicated by their letter code followed by 0. Values are presented as mean and standard errors
(SEM) from 14 to 210 (depending on contact time) F-D curves recorded for each contact time. (F)
Homophilic versus heterophilic adhesion at 60 s contact time. Data is presented as a box-whisker
plot with each data point representing one cell-cell adhesion experiment. Median is white and
mean is black. P values are * p<0.01 and ** p<0.001. (G) Slope (solid line) of contact region
(‘contact stiffness’) of different cell line combinations (as in E) extracted from the approach F-D
curve versus Fmax detected from the retraction F-D curve at 60 s contact time. No statistical
correlation (dashed line, r = -0.113) was seen between the different cell lines randomly chosen.

Figure 3.2. Quantification of Adhesion Forces between HEK293 Cells Overexpressing
Different Teneurin Constructs. (A) Representative F-D curves (60 s contact time) recording the
adhesion between HEK293 cells overexpressing different teneurin constructs. F-D curves showing
the probe cell approaching the target cell are gray. F-D curves recorded when separating both cells
(black) are used to estimate the maximum adhesion force (arrow, Fmax). Histograms show
maximal adhesion forces between probe cell and target cell after contact times of 5 s, 20 s, 60 s,
and 120 s. 15 to 218 (depending on contact time) F-D curves were recorded per condition.
Numbers above bars represent mean Fmax values and errors indicate SEM. (B) Maximal adhesion
forces between two HEK293 cells overexpressing teneurin constructs having their YD deleted and
NHL domains swapped (Figure 1A). Each data point represents Fmax determined for one cell-cell
couple, mean adhesion forces are represented as red bars and SEM as black bars. Green and red
shaded areas highlight high and low cell-cell adhesion forces, respectively. (C) NHL domain
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inhibition experiments. Maximal adhesion force of homophilic cell-cell couples overexpressing
either full-length teneurin-1 (I1E1N1Y1) or teneurin-2 (I2E2N2Y2). Addition of purified teneurin1 NHL (NHL1) domains inhibits homophilic adhesion mediated by teneurin-1, whereas teneurin-2
mediated adhesion remains unaffected. (D) Maximal adhesion forces between cells overexpressing
teneurin constructs with swapped intracellular domains (Figure 1A). P values are * p<0.01 and **
p<0.001.
Intracellular teneurin domains have been implicated in interactions with the
cytoskeleton123,130. We therefore considered whether or not cytoskeletal interactions are required
for teneurins to establish strong cell adhesion. To test whether the actin cytoskeleton is required
for strengthening the teneurin-mediated cell-cell adhesion, we perturbed the actomyosin cortex
using latrunculin A, which sequesters actin monomers and disrupts actin filaments of the
cytoskeleton131. In the presence of 100 nM latrunculin A, teneurin-mediated homophilic cell-cell
adhesion showed significantly reduced strength, whereas at 1 µM latrunculin A the strong
homophilic cell-cell adhesion disappeared (Figure 3.3A). However, latrunculin A also reduced the
weak adhesion between HEK293 cells that overexpressed teneurin-2 lacking the intracellular
domains (Figure 3.3B). This latter effect is expected because unspecific as well as specific cell
adhesion depends on an intact actomyosin cortex. In a next set of experiments we investigated
whether actomyosin contraction was involved in establishing homophilic cell-cell adhesion and
used blebbistatin to inhibit myosin II132. In the presence of 50 µM blebbistatin, the strong
homophilic cell-cell adhesion between teneurin-2 overexpressing cells dropped to the low level of
unspecific cell-cell adhesion (Figure 3.3C). However, upon photoinactivation of blebbistatin133 the
strong homophilic teneurin-2 mediated cell-cell adhesion fully recovered (Figure 3.3C). In
contrast, the weak adhesion between HEK293 cells overexpressing teneurin-2 lacking their
intracellular domains was not perturbed by blebbistatin (Figure 3.3D). In summary, these
experiments using latrunculin A and blebbistatin suggest that teneurins anchor via the intracellular
domain to the actomyosin cytoskeleton and that this anchorage is required to strengthen teneurinmediated homophilic cell-cell adhesion.
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Figure 3.3. Perturbations Affecting Teneurin Mediated Cell-Cell Adhesion.
Effect of latrunculin A or trypsin on the homophilic cell-cell adhesion mediated by (A) full-length
teneurin-2 (I2E2N2Y2) or (B) teneurin-2 lacking the intracellular domain (I0E2N2Y2). In the
presence of sufficient latrunculin A, which perturbs the actomyosin cortex134, the teneurin
mediated strong homophilic cell-cell adhesion disappears. Control experiments using trypsin to
unspecifically cleave cell adhesion molecules from the cell surface show that the low adhesion of
cell couples having a perturbed actomyosin cortex resembles the unspecific adhesion between cells
in the presence of trypsin. (C-D) Homophilic adhesion force established between cells that
overexpress (C) full-length teneurin-2 (I2E2Y2N2) or (D) teneurin-2 lacking the intracellular
domain (I0E2Y2N2) in the presence of 1 µM (green lines) and 50 µM (red lines) blebbistatin, and
during photoinactivation of blebbistatin133. Mean cell-cell adhesion forces are shown as blue lines.
3.3.4 Homophilic recognition and adhesion strengthening inhibits Nb2a neurite outgrowth.
To test whether teneurin-mediated homophilic cell-cell adhesion plays a role in guiding
neurite outgrowth, we used Nb2a neuroblastoma cells as model system that differentiates and
extends neurites upon serum removal135. First we plated Nb2a cells either on a substrate coated
with purified recombinant extracellular domains (supplementary Figure. S3.1E) of teneurin-2 or
with poly-lysine as control. After transient transfection with either GFP-tagged teneurin-2 or RFPtagged teneurin-1 we switched the Nb2a cells to serum-free medium. Teneurin-2 transfected Nb2a
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cells did not grow neurites on a teneurin-2 coated substrate, in contrast to the neighboring
untransfected cells, while neurite outgrowth of teneurin-2 overexpressing cells remained
unaffected on the control substrate (Figure 3.4A). In contrast, teneurin-1 overexpressing cells grew
neurites on teneurin-2 extracellular domain as well as poly-lysine coated substrates (Figure 3.4A).
Therefore we conclude that the altered growth behavior of teneurin-2 overexpressing cells
originated from interactions with teneurin-2 extracellular domains coating the substrate
(Figure 3.4A). These results indicate that homophilic interactions between teneurins of neuronal
cells inhibit neurite outgrowth. To quantify this inhibition and to identify the teneurin domains
involved, we engineered Nb2a cells stably overexpressing teneurin-2, and teneurin-2 constructs
lacking the YD repeats, the entire extracellular domain, or the intracellular domain. The
overexpression of teneurin constructs was monitored for every cell line as described for HEK293
cells (Figure 3.4B, supplementary Figure. S3.4A-C). When plated onto substrates coated with
extracellular domains from teneurin-2, neurite outgrowth of Nb2a cells overexpressing teneurin-2
was significantly reduced (Figure 3.4C(i)). In contrast, Nb2a cells overexpressing teneurin-2
lacking the intracellular or the extracellular domains showed neurite lengths as observed for
control experiments (Figure 3.4C(i)). However, when seeded onto poly-lysine coated control
substrates, all Nb2a cells showed similar neurite outgrowth and lengths (Figure. 4C(ii)). To
investigate which extracellular domain inhibited neurite outgrowth we measured neurite lengths of
Nb2a cells overexpressing teneurin-2 carrying the NHL2 or teneurin-2 carrying the NHL1 domain
(Figure 3.4D(i)). Only Nb2a cells overexpressing teneurin carrying the NHL2 domain showed
significantly reduced neurite lengths on teneurin-2 extracellular domain coated substrates,
indicating that homophilic NHL domain interactions are required for teneurins to inhibit neurite
outgrowth (Figure 3.4D(i-ii)). This observation could be confirmed by plating teneurin-2
overexpressing Nb2a cells on NHL1 domain coated substrates. Only if the overexpressed teneurin2 carried the NHL1 domain, neurite outgrowth was reduced (Figure 3.4E(i-ii)).
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Figure 3.4. NHL Domain-Mediated Teneurin Interaction Inhibits Neurite Outgrowth. (A)
Nb2a cells transiently transfected with constructs overexpressing either GFP-full-length teneurin-2
(I2E2N2Y2) or RFP-teneurin-1 (I1E1N1Y1) were seeded on coverslips coated with purified
extracellular domains from teneurin-2 (E2N2Y2; top panel) or, as control, with poly-lysine
(bottom panel). Neurite outgrowth was induced in serum free media and overlays of phase contrast
and fluorescence pictures are shown to discriminate between transfected (green or red, pointed at
by arrows) and non-transfected cells only visible by phase contrast. Scale bars, 20 μm. (B)
Transcript levels of endogenous and overexpressed teneurin-2 in stably transfected Nb2a cells. (C)
Quantification of neurite outgrowth on the extracellular domain of teneurin-2 (E2N2Y2) for Nb2a
cells stably overexpressing full-length teneurin-2 (I2E2N2Y2), and teneurin-2 constructs with
deleted intracellular (I0E2N2Y2) or deleted extracellular (I2E0N0Y0) domains. (D) Quantification
of neurite outgrowth of Nb2a cells on substrates coated with teneurin-1 NHL domains (NHL1).
Nb2a cells stably overexpressed teneurin-2 constructs with deleted YD repeats (I2E2N2Y0) and
with the NHL domain swapped (I2E2N1Y0). Each graph (C-E) shows the percentage of cells with
neurite lengths greater than the length indicated on the x-axis. A minimum of 150 cells is analyzed
per condition. Dashed lines represent the median value, which is given with the SEM for each
construct next to the legend. * Indicates significant differences (p<0.01) between median neurite
lengths calculated by One-Way ANOVA on ranks and n.s. indicates no significance difference.
To quantify neurite growth rates we performed time-lapse imaging of Nb2a cells plated on
striped micropatterned surfaces that have been functionalized with purified extracellular teneurin-2
domains or NHL1 domains (supplementary Figure S3.4E,F). The results confirmed that as soon as
teneurins could establish homophilic interactions via their NHL domains the neurite growth rate
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attenuated. Furthermore, the experiments highlighted that the neurite growth rate reduced only if
the overexpressed teneurins carried intracellular domains.

Figure 3.5. Model of Teneurin Domains Selecting and Strengthening Homophilic Cell-Cell
Adhesion. Interaction between the NHL domains controls homophilic recognition between
teneurins. Strengthening of homophilic cell adhesion requires the presence of the intracellular
domains, which are supposed to connect teneurins to the actin cytoskeleton.

In summary, these results show that neuronal cells that establish teneurin-mediated
homophilic interactions via their NHL domains significantly reduce neurite growth rates. Again,
the teneurin intracellular domain plays a central role as it anchors teneurins to the actomyosin
cytoskeleton and contributes to the strengthening of the homophilic cell-cell adhesion. This
highlights that homophilic recognition and cytoskeletal interactions are important for teneurins to
guide neuronal outgrowth.
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3.4 Discussion
In the past AFM-based SCFS has been frequently applied to quantify the contribution of
specific cell surface receptors to animal cell adhesion61,65. Here we have introduced the
combination of SCFS with cell biological and genetic recombination approaches to quantify the
mechanisms of how teneurins establish homophilic interactions and strengthen cell-cell adhesion.
Using a variety of teneurin constructs with deleted and swapped teneurin-1 and teneurin-2
domains, SCFS detected that teneurins recognize their homophilic cell adhesion partner by the
NHL domain. However, to strengthen NHL domain-mediated cell-cell adhesion the intracellular
teneurin domain is essential (Figure 3.5). The intracellular teneurin-1 domain has previously been
shown to interact with the vinculin-binding protein CAP/ponsin providing a possible link to the
actomyosin cytoskeleton130. Furthermore, we have found previously that overexpression of
teneurin-2 constructs in Nb2a cells required the intracellular domain for the induction of filopodia,
the transport of teneurin-2 into neurites and the co-localization of teneurin-2 with the cortical actin
cytoskeleton129. Indeed our perturbation experiments showed that the intracellular domains anchor
teneurin-1 and tenurin-2 to the actomyosin cortex and disruption of the actin cytoskeleton
compromised adhesion strengthening (Figure 3.3). Since longer contact times between cells led to
significantly increasing adhesion strengths we envisage that this strengthening may be facilitated
by the rearrangement or clustering of teneurins anchored to the cytoskeleton. Such anchorage is
also a prerequisite for adhesion strengthening of other cell adhesion receptors and their clustering
at the interaction sites such as cadherins51, SynCAM1136 and nectin137.
Homophilic interactions of teneurin are mediated by C-terminal domains following the
EGF-like repeats138. These C-terminal domains include the NHL repeats of the NHL domain121.
NHL repeats are known to form beta-propellers139. Thus, it may be speculated that in teneurins the
NHL repeats form a beta-propeller domain. We were able to pinpoint the NHL domain to mediate
the homophilic interaction between cells overexpressing teneurins. Interestingly, the interaction
between other cell surface receptors such as semaphorins and plexins is also mediated by
propeller–propeller interactions140,141. However, whereas in the case of semaphorins and plexins the
beta-propellers promote heterophilic pairing, we observed that the NHL propeller domains from
teneurins establish homophilic recognition between cells.
The teneurin-mediated homophilic recognition and formation of cell adhesion partners has
functional consequences for neurons as it leads to inhibition of neurite outgrowth. The in vitro
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inhibition of neurite outgrowth is governed by NHL domain interactions and requires the presence
of the intracellular domain. Whereas the NHL domain facilitates homophilic recognition, the
strengthening of cell adhesion requires in addition the intracellular domains. In absence of the
intracellular domain teneurin cannot stop neurite outgrowth. Because adhesion strengthening of
cell adhesion receptors requires clustering at the interaction sites51,136,137,142, we envisage that
clustering of teneurins on a growth cone adhering to a substratum exposing the same type of
teneurin leads to strong homophilic adhesion. This formation of strong adhesion by teneurins must
trigger an intracellular response leading to growth cone arrest. It is reminiscent of the wiring and
target finding that depends on the Drosophila teneurins ten-m and ten-a in-vivo122. Projecting
olfactory receptor neurons expressing high levels of either teneurin type make connections only
with projecting neurons expressing high levels of the same teneurin. This teneurin expression can
be manipulated by ectopic overexpression of the other type of teneurin122. A similar teneurinmediated mechanism for target finding is expected to contribute to vertebrate neuronal circuit
formation, since expression of the same type of teneurins have been observed in interconnected
nuclei of the visual system in chicken129. Furthermore, teneurin-3 deficient mice124 or humans125
suffer from visual deficits representing strong evidence for a crucial role of teneurins in target
selection also in vertebrates.
The unique combination of our nanotechnological and cell biological and genetic
engineering approaches open new opportunities to characterize interaction mechanisms of any
given cell adhesion receptor in live cells. Our quantitative SCFS assay unraveled the contribution
of individual teneurin domains to cell-cell recognition and to the formation and strengthening of
cell-cell adhesion. The mechanistic insights show teneurin domains contributing to target selection
through differential cell-cell adhesion. Certainly, an important next step will be to characterize
which intracellular mechanisms teneurins activate upon target binding and adhesion strengthening.
In the near future our combinatorial approach may also include chemical or genetic perturbation
methods to characterize how neuronal or other cell surface receptors regulate cell adhesion.
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3.5 Methods
3.5.1 Cloning of teneurin constructs and establishment of cell strains
Full-length chicken teneurin-1 (I1E1N1Y1; NM_204862) fused to an N-terminal RFP-tag
and full-length chicken teneurin-2 (I2E2N2Y2; NM_204097) fused to an N-terminal GFP-tag
were cloned into a pcDNA3.1 vector. Subsequent swap and deletion constructs were cloned into
the same vector. Swap constructs were generated by overlapping PCR using a 14bp overhang.
Swap and deletion constructs (Figure. 1A) were cloned using the following domain boundaries (in
base pairs). Teneurin-1: Intracellular domain 1-852, EGF domain 853-2310, NHL domain 23114428 and YD domain 4429-8118. Teneurin-2: Intracellular domain 1-388, EGF domain 389-2613,
NHL domain 2614-4719 and YD domain 4720-8409. All constructs were sequence verified.
HEK293 cells (HEK EcR-293; Invitrogen) and Nb2a neuroblastoma cells (ATCC CCL131) were
maintained in DMEM media with 10% (vol) fetal calf serum (FCS), 100 mg/ml penicillin and 100
mg/ml streptomycin. Stable cell lines were established by G418 selection and FACS sorted for
homogenous GFP- or RFP-fusion protein expression with the same gating (supplementary
Figure. S1). Cell surface staining of all overexpressed constructs was confirmed by staining the
non-permeabilized cells with a polyclonal antibody against the EGF domains of teneurin-1 (antiEGF;143) or teneurin-2144. Z-stacks were acquired on a spinning disk system (Zeiss AxioImager M1
with a Yokogawa CSU-22 scanhead) with 100x magnification. Images were deconvolved using
the Huygens remote manager145.
To compare the level of overexpression of our teneurin constructs with the expression level
of endogenous teneurin, we assessed the transcript levels by real-time Q-PCR. For this, total RNA
was isolated from HEK293 or Nb2a cells stably overexpressing teneurin constructs and of
nontransfected cells using QiaShredder and the RNA Easy kit (Qiagen) following the
manufacturer’s protocol. From this RNA preparation, cDNA was generated using the high
capacity cDNA reverse transcription kit (Applied Biosystems) and random hexamer primers. Realtime Q-PCR was performed on these samples with primer pairs specifically designed to recognize
teneurin-1 (fw ACCATGCCTAGCATGGTGCG; rev CCTGTTTGCCTGTATCTGAT) and
teneurin-2 (fw TGTGCTAAAGCTGCCTGCC; rev AAGCAATCAACTTCCTCACAGT) of
chicken, mouse, and human origin. Data are normalized to mouse GAPDH (fw
TTGTGCAGTGCCAGCCTC; rev GCCGTGAGTGGAGTCATACTG) for Nb2a cells or human
TBP (fw TGCACAGGAGCCAAGAGTGAA; rev CACATCACAGCTCCCCACCA) for HEK293
	
  
	
  

58	
  

	
  

cells using SYBR QPCR Supermix with ROX (Invitrogen) on an AbiPrism StepOne Plus system
(Applied Biosystems).
3.5.2 Purification of recombinant teneurin proteins
The DNA sequence spanning base pairs 1786-8409 encoding the complete extracellular
domain of chicken teneurin-2 (E2N2Y2) and the NHL domain spanning base pairs 3330-4530 of
teneurin-1 (NHL1) were cloned into a modified pSecTag vector (Invitrogen) containing
N-terminal His- and FLAG-tags and a 3C protease site and made compatible with the pOPIN suite
(Oxford Protein Production Facility) using InFusion cloning (Clontech) and pOPIN compatible
primers146. HEK293 cells were selected using Zeocin (Invitrogen) to express the teneurin
constructs stably. Secreted constructs were purified from serum-free conditioned media using
Probond resin (Invitrogen) following the manual of the supplier. Protein purity was verified SDS
Page analysis as shown in supplementary Figure S1E,F and mass spectrometry revealed that over
95% of all peptides detected were derived from teneurin-1 and -2, respectively.
3.5.3 Cell-cell adhesion measurements
Cell-cell adhesion measurements were conducted with an AFM (Nanowizard II, JPK
Instruments) mounted on an inverted fluorescence microscope (Zeiss Axiovert 200, equipped with
20X objective). The setup was extended with a JPK CellHesion® module to increase the cell-cell
separation distance to 100 µm and used in closed height feedback mode102. Phase-contrast and
fluorescence imaging were used to monitor cellular morphology during adhesion measurements.
Each tip-less AFM cantilever (NPO-010, Bruker) was calibrated three times using the thermal
noise to eliminate errors. Spring constants were within 10% of the nominal value (≈60 mN/m).
Plasma-activated cantilevers were incubated with 2.5 mg/ml concanavalin A (ConA, Sigma)
overnight at 4°C and carefully rinsed in phosphate buffered saline (PBS) before use. Petri dishes
(WPI Inc.) were plasma treated and coated with 1 mg/ml ConA overnight. HEK293 cells were
washed with PBS, detached using 1% (vol) ethylenediaminetetraacetic acid (EDTA, Sigma) and
plated in Leibowitz medium containing 1% (vol) serum (SCFS measurement medium) onto the
ConA substrate and incubated overnight at 37°C.
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For SCFS, cell morphology was characterized by phase-contrast microscopy and teneurin
expression controlled by fluorescence microscopy (supplementary Figure S3.1). The ConA-coated
cantilever was gently pressed onto a HEK293 cell applying a force of ≈1 nN for ≈3 s. After this,
the cantilever was lifted for 2–10 min to allow the cell to attach firmly to the cantilever. This
‘probe-cell’ was then moved above a ’target-cell’ that was firmly attached to the ConA-coated
substrate. Cell adhesion experiments between probe-cell and target-cell (Figure 3.1D) were
performed applying a contact force of 1 nN, contact times ranging from 5–120 s, and 5 µm/s
approach and retract velocities. The contact time was varied randomly for a given cell-cell couple
to prevent systematic bias or history effect. Each force-distance (F-D) curve characterizing the
adhesion between probe-cell and target-cell was repeated depending on the contact time: 5 s
contact time, 5 repetitions; 20 s contact time, 3 repetitions; 60 s, 1 to 2 repetitions, and 120 s being
measured once. A resting time of 30 s was given between recording each F-D curve. Each probecell was used to test several target-cells. Not more than 5 F-D curves were taken with any given
probe-cell. Cells were observed continuously during the SCFS experiment to judge whether they
were intact and stably associated with the cantilever/substrate. F-D curves were analyzed using
IgorPro custom-made routines to extract maximum adhesion force (Figure 3.1D) and cell
deformation (Figure. 1H) during cell-cell contact. F-D curves were pooled and statistically
processed as described (see statistical analysis). To perturb actomyosin, cells were pre-incubated
in 1 µM or 100 nM latrunculin A or blebbistatin (Sigma). Due to the mechanical fragility of the
chemically perturbed cells no more than one F-D curve was taken per cell. In cases where
perturbants and proteins were added during a measurement, a microsyringe (Hamilton) injected the
agents into the AFM Petridish heater and the fluid covering the Petri dish was exchanged several
times with a WPI Aladdin push–pull pump set-up as described147.
3.5.4 Statistical analysis
Maximal adhesion force (Fmax) of F-D curves were averaged from experimental
repetitions to determine the mean adhesion force of a given cell couple and contact time. These
Fmax values were pooled to obtain their distribution. Median, mean and standard deviation were
extracted with Graph prism (GraphpadSoftware) for unpaired Wilcoxon based Mann-Whitney Utests for significance with a p cut-off value of 0.01. p values were calculated using Graph prism.
Non-parametric tests were applied to SCFS data, because we assumed that the data are not
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normally distributed. Although no systematic history effect was seen on successive F-D curves
taken with one cell, we could not assume that each F-D curve is strictly independent of each other.
Furthermore, cell adhesion forces are likely to be dependent on different properties (e.g., more
than one type of adhesion molecule), which does not allow us to use parametric tests. Wilcoxon
based Mann-Whitney U-tests are distribution independent and can therefore be applied on
composite data sets. Pearson’s rank correlation coefficient R was computed using Graph prism.
3.5.5 Neurite outgrowth assays
Sterile 10 mm coverslips were coated with 30 μg/ml purified extracellular teneurin-2
(E2N2Y2) domains, NHL1 domains, or 100 μg/ml poly-d-lysine for at least one hour at room
temperature (RT) and washed twice with PBS. Coverslips were placed in 4-well tissue culture
dishes (Greiner bio-one) and 2x104 cells per dish were seeded in 10% FCS in DMEM. The next
day the medium was changed to serum-free DMEM to induce Nb2a differentiation135. After 24 h
cells were fixed with 4% paraformaldehyde for 7 min at RT and stained with rhodamine-coupled
phalloidin (Cytoskeleton Inc.) for 30 min at RT and mounted on glass slides. Fluorescence
microscopy (Olympus IX70) images were taken at 10X magnification and neurite lengths were
manually traced using the NeuronJ148 plug-in for ImageJ. Only neurites longer than the cell
diameter were considered. At least 150 neurites per condition were measured and statistical
significance was tested using the One-Way ANOVA on ranks using the GraphPad InStat software.
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AFM, atomic force microscopy; EGF domain, epidermal growth factor domain; GFP,
green fluorescent protein; h, hour; HEK293 cells, human embryonic kidney 293 cells; FACS,
fluorescence activated cell sorting; Nb2a cells, neuroblastoma Nb2a cells; NHL domain, NCL-1,
HT2A and Lin-41 domain; NHL1 domain, NHL domain from teneurin-1; NHL2 domain, NHL
domain from teneurin-2; nN, 10-9 (nano) Newton; RFP, red fluorescent protein; s, second; SCFS,
single-cell force spectroscopy; YD, tyrosine aspartate domain
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Supplementary Figure S3.1. FACS sorting and surface staining for homogenous teneurin
expression.(A) FACS sorting profile of cells overexpressing full-length teneurin-2 (I2E2N2Y2)
representative for all cells overexpressing teneurin constructs N-terminally fused to GFP protein.
For each cell strain isolated, cells of similar GFP intensity were collected by choosing the same
gating as indicated by the black rectangle. Right panel shows cell surface staining with an antibody
against the EGF domain (anti-EGF) of different teneurin constructs: The teneurin-2 construct
I2E2N2Y0 lacks the YD domain, the teneurin construct I1E2N1Y0 lacks the YD domain, carries
the intracellular domain from tenuerin-1, the EGF domain from teneurin-2, and the NHL domain
from teneurin-1, the teneurin-2 construct I2E2N1Y0 carries the NHL domain from teneurin-1 and
lacks the YD domain, and the teneurin-2 construct I0E2N2Y2 lacks the intracellular domain. (B)
FACS sorting profile of cells overexpressing full-length teneurin-1 (I1E1N1Y1) representative for
all cells overexpressing teneurin constructs N-terminally fused to RFP protein. For each cell strain
isolated, cells of similar RFP intensity were collected by choosing the same gating as indicated by
the black rectangle. Right panel shows surface staining with an antibody against the EGF domain
of different teneurin-1 constructs: The wild-type teneurin-1 construct I1E1N1Y1, the teneurin-1
construct I1E1N2Y0 lacks the YD domain and carries the NHL domain from teneurin-2, and the
	
  
	
  

64	
  

	
  

teneurin-1 construct I1E1N1Y0 lacks the YD domain. Lower right panel shows a representative
picture of an RFP overexpressing cell attached to the AFM cantilever for the SCFS assay. Scale
bars, 10 µm (A-B) and 20 µm (cell on cantilever). (C) Maximal cell-cell adhesion forces detected
at 60 s contact time between wild-type (wt) HEK293 cells and HEK293 cells overexpressing
extracellular truncated teneurin-1 (I1E0N0Y0), extracellular truncated teneurin-2 (I2E0N0Y0),
full-length teneurin-1 (I1E1N1Y1), or full-length teneurin-2 (I2E2N2Y2). Data is presented as
box-whisker plots with each data point representing one cell-cell adhesion experiment. Median is
white and mean is black. *** Indicate extremely (p<.0001) significant P values compared to
homophilic cell-cell adhesion (blue dashed line, value taken from Figure 1F). (D) Maximal cellcell adhesion force as a function of contact time for wt HEK293 cells and HEK293cells
overexpressing extracellular truncated teneurin-1 (I1E0N0Y0) or wt HEK293 cells. Mean values
and standard errors (SEM) were calculated from 14 to 210 (depending on contact time) F-D curves
recorded for each contact time. (E) Whole gel scan of purified fractions of the water-soluble
extracellular domain of teneurin-2 (E2N2Y2). Fractions E1-8 were pooled and subsequently used
in the experiments. (F) Whole gel scan of purified fractions of the teneurin-1 NHL domain
(NHL1). Fractions E2-8 were pooled and used in the experiments.
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Supplementary Figure S3.2. Teneurin constructs affect the formation of adhesive bonds
between cells. (A-H) Maximum adhesion forces (Fmax) measured between two HEK293 cells
that overexpressed the different teneurin constructs indicated. Fmax was extracted from F-D
curves recorded for 5 to 120s contact time between cells. Bars represent the mean and SEM.
Depending on the contact time 17-87 SCFS experiments were analyzed.
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Supplementary Figure S3.3.Contributions of various swap constructs to cell-cell adhesion.
Maximal adhesion force measured between HEK293 cells overexpressing teneurin constructs with
swapped/deleted domains as indicated. The data complements the results shown in Figure 2C.
Constructs shaded in green are high cell-cell adhesion forces and constructs shaded in red are low
cell-cell adhesion forces. The dashed blue line represents the mean of I2E2N2Y2 versus
I1E1N1Y2 (positive control, Figure. 1E,F) and the dashed pink line that of I2E0N0Y0 versus
I2E0N0Y0 (negative control, Figure 1E) mediated cell-cell adhesion. Constructs establishing a
significantly higher cell-cell adhesion force (p-value << 0.001(***)) in comparison to the negative
control (pink line) are considered as high cell-cell adhesion force. Constructs establishing a
significantly lower cell-cell adhesion force (p-value << 0.001(***)) in comparison to the positive
control (blue line) are considered as low adhesion force. Error bars represent the SEM. ***
indicate data as extremely (p<.0001), ** as very significant (p<0.001) and * stars as significant
(p<0.01).
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Supplementary Figure S3.4. Protein purification, substrate coating efficiency, and imaging
the neurite outgrowth.(A) Nb2a cells grown on glass cover slips coated either with extracellular
domains of teneurin-2 (E2N2Y2) or purified poly-lysine as a negative control. Representative
fluorescence images show efficient coating by staining the extracellular teneurin domains with an
anti-EGF antibody and the cell nuclei with DAPI. (B) Representative fluorescence images of
neurite outgrowth of Nb2a cells stably overexpressing full-length teneurin-2 (I2N2E2Y2),
teneurin-2 with deleted intracellular domain (I0E2N2Y2), deleted extracellular domain
(I2E0N0Y0), teneurin-2 with deleted YD domain (I2E2N2Y0), or teneurin-2 with the NHL
domain swapped and YD domain deleted (I2E2N1Y0). Cells were plated either on substrate
covered with teneurin-2 extracellular domains or poly-lysine. (C) Representative fluorescence
images of neurite outgrowth of Nb2A cells overexpressing the indicated teneurin constructs on
substrates covered with purified teneurin-1 NHL domains (NHL1) or poly-lysine. Neurite
outgrowth as shown in (B, C) was quantified in Figure. 3E-F. (D) 24 hour time point fluorescence
microscopy images (superimposed with phase-contrast) of Nb2A cells stained with (i)phalloidin
(F-actin) and(ii). DAPI (Nucleus) Scale bars, 10µm. (E)Time-lapse images of the neurite
outgrowth on micropatterned substrates coated with teneurin-2 extracellular domains or (F) NHL1
domains. Teneurin constructs overexpressed by Nb2a cells are indicated in green letters. Red, blue,
orange, and light blue lines mark the lengths of 2871 neurites grown from Nb2a cells in 20 h.
Scale bars, 20 μm.
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4.1 Abstract
Recombinant viruses are widely used to genetically engineer cells and trace neuronal
circuits. However, targeting virus infection to a single cell is technically demanding, thereby
limiting progress in single cell engineering. Here we describe a method to reversibly bind viruses
to a glass pipette, allowing for targeted virus infection by contacting a selected cell with the virusbound pipette. We validate ‘virus stamping’ by showing targeted single cell infection with
modified lenti and rabies viruses in cell culture, brain slice and retina. We then demonstrate that
different viruses can be simultaneously bound to the same pipette, enabling co-infection. Using
this combinatorial virus stamping approach, we perform monosynaptically restricted transsynaptic
rabies tracing and map the circuit of individual neurons both in brain slice and retina. Virus
stamping provides a simple and rapid solution for targeted single cell infection of diverse cell
types in different tissues and in cell culture.
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4.2 Introduction
Recombinant virus-based gene delivery has become a preeminent method for performing
genetic manipulations for diverse purposes, including tracing and labeling neuronal circuits to gain
a better understanding of brain function1, editing the genome of cells2,3, understanding
development4–7 and studying diseases atomic force microscopy in combination with nanofluidics14,
using single cell electroporation or whole-cell patch clamp to deliver a plasmid to express a virus
receptor in combination with bulk virus loading15,16, and using push-pull microfluidic virus
delivery17. While all these techniques have their merits, they either require specialized equipment,
require high methodological skill, or only work in cell culture. Additionally, so far each technique
has only been applied to a single type of virus.
A simple method for targeted single cell virus infection would be especially useful in
tissues and for infecting single cells with multiple viruses. As most tissues are composed of
multiple cell types, targeted genetic manipulations of single cells would allow for a detailed
understanding of the biological role of individual cellular components of complex tissues. One
example of a complex tissue is the brain. Different brain regions are built from a variety of
neuronal cell types18 that form specific circuits, with each circuit performing specialized tasks.
Revealing the morphology, and genetically manipulating individual cells with single or multiple
viruses has several applications in brain research including performing monosynaptic circuit
tracing15,16; understanding the roles of specific genes in the context of particular cell types19–21; and
following the development of single neuronal progenitors4,5 in brain tissues or in brain organoids22–
24

.
We aimed to develop a system for targeted single cell infection that fulfills the following

criteria: (i) it can be used with a variety of virus types; (ii) it allows for combinatorial infection
with different viruses; (iii) it can be used both in tissues and in cell culture; (iv) it is technically
simple; (v) it is affordable.
To this end, we have developed a method to reversibly bind viruses to the flame-blunted
tips of glass patch pipettes. A virus-bound pipette tip is then brought into physical contact with the
soma of a single cell where the virus binds to and causes localized infection of the targeted cell.
We refer to the chemical that binds the virus to glass as the ‘glass linker’, to the viral glycoprotein
that binds the virus to the target cell as the ‘virus coat’ and to the technique as ‘virus stamping’.
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We chose the vesicular stomatitis virus envelope glycoprotein, VSV-G25,26, as the virus coat since
it allows viral entry at the cell body of polarized cells, such as neurons27,28 and it can be used to
coat different enveloped (lipid-coated) viruses27, enabling combinatorial viral infection. While
searching for an effective glass linker we looked for ways to bind and release VSV-G coated
viruses in a controlled hierarchy: (i) the binding between the glass linker and VSV-G-coated
viruses should be strong enough to prevent viruses from being released in the medium and causing
non-targeted infection. (ii) The binding between the glass linker and the VSV-G-coated virus,
however, should be weaker than the binding between the VSV-G-coated virus and the cell surface.
This hierarchy of binding strength allows preferential binding of virus and target cell during the
time the pipette is held in contact with the cell29. When the binding established between the virus
and the target cell is sufficiently strong, the subsequent removal of the pipette leaves the virus
bound to the cell surface. From there it internalizes, using native virus entry pathways30. We found
that the 3-[2-(2-aminoethylamino)-ethylamino]-propyltrimethoxysilane31 (abbreviated as AEEA)
provides the binding strength hierarchy required for virus stamping with VSV-G-coated viruses.
We validate virus stamping by infecting single cells with either VSV-G-coated lenti26 or VSV-Gcoated G-deleted rabies viruses27,28 in both cell culture and in tissues, including brain slice and
retina. We then demonstrate the use of combinatorial virus stamping by performing dual color
labeling and monosynaptically restricted transsynaptic rabies tracing to map the circuit of
individual neurons both in brain slice and retina.
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4.4 Results
4.4.1 The design of virus stamping
Many viruses that are used to transduce cells in cell culture or that are used in neuronal
tracing, such as lenti, rabies and herpes viruses, are enveloped. The viral envelope is derived from
the cell membrane and incorporates viral glycoproteins. The viral glycoprotein can be exchanged
between different viruses, a process called pseudotyping, and therefore a single glycoprotein can
be used with a variety of enveloped viruses. Different viral glycoproteins allow cellular entry at
different membrane compartments of polarized cells, such as the cell body (VSV-G25–27) or the
axon terminals of neurons (rabies-G32). The most well studied candidate for a virus coat that
results in viral particles that can enter various cell types at their cell bodies is the envelope
glycoprotein VSV-G25,26. We used the same virus coat for different viruses as it allows for the
combinatorial use of different viruses bound to the same pipette and for cellular entry of the
viruses at the same membrane compartment.
We used two different approaches to find a suitable glass linker with which to bind VSVG-coated viruses to the flame-blunted tip of glass patch pipettes. Glass patch pipettes were chosen
as mechanical support (Figure 4.1A,B) since pipette pullers and micro-manipulators are available
in many labs. The first approach was based on the putative electrostatic binding of the glass linker
to the negatively charged VSV-G coated viruses33–35. We coated glass pipettes with various
positively charged polymers, such as polybrene36, polyethyleneimine37, or AEEA31. The second
approach relied on the specific binding of the glass linker to the sugar residues of VSV-G38 and
involved coating glass pipettes with concanavalin-A, which belongs to the class of lectins known
to bind mannose residues of glycoproteins with high affinity and which has previously been used
to immobilize viruses39. To determine the efficacy of these different chemicals for binding viruses
to glass pipettes, we looked at the pipette tips under a scanning electron microscope (Figure 2). We
quantified the amount of bound VSV-G-coated lenti virus, and found AEEA to be the most
effective glass linker (Supplementary Figure 4.1,2). Next, we tested different buffer solutions to
bind viruses to glass via AEEA, and found that NTE buffer25 was more effective than PBS buffer40
(Supplementary Figure 1). Using NTE buffer, together with AEEA, we could tether both VSV-G-

	
  

	
  

coated lenti viruses and VSV-G-coated G-deleted rabies viruses to glass pipettes (see
Methods,Figure 2A-D).

Figure 4.1. Targeted single cell infection with virus stamping. Schematic representation of
the key steps. (A) After flame-blunting and cleaning a patch pipette, the glass linker is bound to
the tip of the pipette. Next, the virus, which in this example encoded GFP, is bound to the
functionalized glass. (B) The virus bound pipette is lowered into the solution containing the tissue
or cells, the cell body of a cell of interest is approached at a 30-45° angle, and the cell body is
stamped for 1 min (see Supplementary Figure 4). The pipette tip is then removed and the cells or
tissue are cultured until the fluorescence marker is expressed.

Figure 4.2. Scanning electron microscopy (SEM) images of VSV-G-coated viruses bound to
the tips of flame-blunted patch pipettes. (A) Low magnification SEM image of a pipette tip
without bound virus. The dashed box indicates the field of view in the top panels of b and c. Scale
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bar, 10 µm. (B,C) Medium magnification (top, scale bar, 1 µm) and high magnification (bottom,
scale bar, 200 nm) SEM images of a pipette tip that was chemically functionalized to bind VSVG-coated G-deleted rabies (B) or VSV-G-coated lenti (C) viruses. (D) An even higher
magnification of the image shown in (C). Scale bar, 100 nm. (E) Low magnification SEM image
of a pipette tip after it was used for virus stamping. The white arrow indicates a region with no
bound virus, correlating to the part of the pipette tip that touched the cell during stamping. Scale
bar, 5 µm.
4.4.2 Controlled hierarchy of virus binding for cell surface delivery
Since AEEA could effectively bind VSV-G coated viruses to glass pipettes we further
examined this system for virus stamping. An important requirement for virus stamping is that the
viral particles are bound strongly enough to the pipette tip that they remain attached to the glass
when the pipette tip is inserted into, and removed from, the liquid medium containing the cells or
tissue. Otherwise, viruses released from the glass into the medium could lead to non-targeted
infection. To test this, we immersed and then removed lenti or G-deleted rabies virus-bound
pipettes into medium containing either cultured cells, brain slice, or retina. We then cultured the
samples and looked for infection. We observed non-targeted infection in 20 % of the cases
(n=6/33). We then tested whether changing the titer of the virus could reduce the probability of
non-targeted infection. We made a dilution series of G-deleted rabies and tested for non-targeted
infection. By diluting the virus, we eliminated non-targeted infection at a concentration that was
still high enough to allow for targeted single cell infection (Supplementary Figure 4.3).
A second requirement for virus stamping is that the strength with which the virus binds to
the functionalized glass should be weak enough that the viral particles preferentially bind to the
cell once the pipette tip is placed against the cell membrane. To test this, we tethered lenti viruses
to a pipette tip and placed the pipette tip in physical contact with the soma of a cell for 1 min
(Methods and Supplementary Figure 4.4). Then we examined the pipette tip by scanning electron
microscopy. We found that viral particles were effectively removed from the pipette tip near the
location that had been in contact with the cell body (Figure 4.2E). Thus, the binding between virus
and glass is strong enough to prevent the release of viruses into the medium but weak enough to
allow viruses to preferentially bind to the cell surface after mechanical contact with a cell. All the
experiments described below were carried out using VSV-G as the virus coat and AEEA as the
glass linker. We refer to AEEA-coated pipettes as being ‘chemically functionalized’.
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4.4.3 Single cell infection with virus stamping
We first tested virus stamping by infecting single cells in cell culture with viruses encoding
fluorescent proteins. We targeted individual baby hamster kidney (BHK) cells using lenti viruses
encoding tdTomato. Stamping a targeted cell for 1 min on a plate which was covered with cells
resulted in bright tdTomato expression after one day in culture (n=6, Supplementary Figure 5).
Similar targeted single cell infection was achieved in neuronal cell cultures using G-deleted rabies
viruses encoding tdTomato (Figure 4.3A,B; n=4). We then targeted single cells in brain slice (n=4)
and in retina (n=4) using G-deleted rabies viruses encoding either tdTomato or GFP (Figure
4.3C,D). Note that while the wild type rabies virus is a transsynaptic virus which can spread in
neuronal circuits across synapses in a retrograde direction, the G-deleted mutant rabies replicates
only in the infected cell, since the rabies G protein is needed for transsynaptic spread41.
We then combined virus stamping with 2-photon microscopy and genetic labeling to target
infection to single, pre-labeled neurons. For cultured neurons, we first transfected cells with low
concentrations of GFP-encoding plasmids, resulting in sparse GFP expression (Figure 4.4A). For
the retina, we used a mouse line in which melanopsin-expressing ganglion cells, which represent a
subset of the total retinal ganglion cell population, expressed tdTomato (Figure 4.4B). Using 2photon microscopy we then targeted infection to individual fluorescent cells, resulting in cells that
were co-labeled in both green and red (Figure 4.4; n=6). These results indicate that virus stamping
with different VSV-G-coated viruses can be used to infect different types of single cells in culture
and in tissue. Additionally, the technique can be used to target fluorescently labeled cells, allowing
it to be combined with cell-type-specific labeled animal lines.
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Figure 4.3. Single cell virus stamping. (A) Schematic representation of a mutant G-deleted rabies
(Rabies-ΔG-tdTomato) virus in which the gene that is required for transsynaptic spread has been
replaced with tdTomato. The Rabies-ΔG-tdTomato virus has been coated with VSV-G. N, P, M
and L refer to other proteins encoded by the rabies genome. b,c, Examples of single cell infection
in a cortical neuron culture (B) and in brain slice (C). d. Example of single cell infection in retina
(left). Immunostaining with a ChAT antibody (middle) shows co-labeling of the infected cell
(right), indicating that it is a starburst amacrine cell. A side projection is shown below. INL refers
to the inner nuclear layer, IPL to the inner plexiform layer, and GCL to the ganglion cell layer.
Scale bars, 50 µm.

Figure 4.4. Targeted single cell infection by combining virus stamping with 2-photon
microscopy. (A) A neuronal cell culture was transfected with a low concentration of plasmid
encoding GFP, resulting in sparse GFP labeling (left). A single GFP-expressing neuron was then
stamped with G-deleted rabies encoding tdTomato, leading to a single neuron expressing both
tdTomato (middle image) and GFP (right image). Scale bar, 50 µm. (B) A single tdTomatoexpressing retinal ganglion cell was targeted for virus stamping in a retina in which melanopsinexpressing ganglion cells are labeled with tdTomato (Opn4-Cre × Ai9 mice, left image). Stamping
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with G-deleted rabies virus encoding GFP resulted in a single ganglion cell that was labeled with
both GFP (via rabies infection, middle image) and tdTomato (right image). Scale bar, 20 µm.
4.4.4 Co-infection with multiple viruses
Co-infecting single cells with different viruses could have a number of applications. To test
the feasibility of co-infection, we performed virus stamping as previously described, except that
after functionalizing the pipette tip with the glass linker, we transferred the pipettes into a solution
containing a mixture (1:1) of lenti viruses encoding GFP and G-deleted rabies viruses encoding
tdTomato (Figure 4.5A). We then stamped individual cells in cell culture (n=3), brain slice (n=3)
and retina (n=4), and found that we could co-infect single cells with both viruses in this one-step
process, resulting in cells that expressed both GFP and tdTomato (Figure 4.5B-D).
For some applications, an efficient use of virus-bound glass pipettes would be to use the
same pipette for stamping more than one target cell in the same tissue. Since we have shown that
stamping removes virus particles in the area of the pipette tip that came into physical contact with
the stamped cell (Figure 4.2E), we stamped two different cells with different areas of the same
pipette tip. We coated a pipette with both lenti viruses encoding GFP and G-deleted rabies viruses
encoding tdTomato, and targeted two nearby cells in retina, one with a large soma and one with a
small soma. We co-labeled both cells with both GFP and tdTomato (Supplementary Figure 4.6),
suggesting that stamping at least two cells with two viruses with a single pipette tip is feasible.

	
  

79	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 4.5. Co-infection of single cells by virus stamping using one pipette coated with two
different viruses. (A) Schematic representation of the pipette used to infect single neurons with
two viruses. For this experiment, we used a VSV-G-coated G-deleted rabies virus encoding
tdTomato and a VSV-G-coated lenti virus encoding GFP. LTR refers to the long terminal repeat,
and Ef1α to the elongation factor 1α promoter. (B-D), Examples of single cell co-infection in
neuron culture (B) scale bar, 20 µm), brain slice (C), scale bar, 60 µm) and retina (D), scale bar, 30
µm).
4.4.5 One-step transsynaptic circuit tracing
Finally, we applied single cell co-infection to neuronal circuit tracing. Recently, a powerful
technique has been developed to trace circuit elements monosynaptically connected to individual
neurons42–45, allowing for novel insights into the connectivity and function of neuronal networks.
This method requires the delivery of different plasmids to the starter cell, via single cell
electroporation16 or whole cell patch clamp15. These plasmids include a plasmid encoding the
rabies-G protein, a plasmid encoding a florescent protein, and a plasmid encoding TVA, a receptor
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for envelope-A (EnvA) coated rabies viruses. After these proteins have been expressed, bulk
injection of EnvA-coated G-deleted rabies encoding a fluorophore results in specific entry of
rabies to the primed ‘starter cell’, and subsequent labeling of the cells that are monosynaptically
connected to it. We tested whether virus stamping could be used to simplify this procedure. We
bound G-deleted rabies viruses encoding GFP and lenti viruses encoding rabies-G to pipette tips
(Figure 4.6A), and then stamped individual cells in brain slice and retina. If both rabies-G
encoding lenti virus and GFP-encoding G-deleted rabies virus enter the targeted starter cell, we
expect rabies-G to complement the G-deleted rabies virus and allow it to spread to neurons that are
synaptically connected to the starter cell (Figure 4.6B). These connected neurons will then express
GFP but will be unable to pass rabies retrogradely on to other neurons, because rabies G is only
present in the starter neuron. Therefore, we expect to see multiple cells labeled with GFP around
the starter cell that we stamped.
In both brain slice (Figure 4.6C; n=4) and retina (Figure 4.6D; n=4) we found multiple
GFP-labeled neurons in the vicinity of the stamped starter cell. To ensure that the multitude of
cells labeled with GFP was due to a rabies jump from a single cell, and not simply non-targeted
infection, we performed immunohistochemistry for rabies-G protein and found that it was
restricted to a single GFP-positive neuron in the brain slice, which represents the stamped starter
cell (Figure 4.6C). This provides evidence that the multi-cell labeling with GFP arose from
transsynaptic spread of rabies virus from the stamped starter cell. As an additional control, we
performed a 3D reconstruction of the labeled neurons traced from a single stamped retinal cell
(Figure 4.6D-H, Supplementary Figure 4.7). We found that the processes of both the starter cell
and the other GFP-labeled neurons stratified in the same layer of the inner plexiform layer in the
retina (i.e. where synapses onto ganglion cell dendrites occur; Figure 4.6E,F). In addition, when
we closely examined the dendrites of the starter cell, we found contact points (which we consider
as putative synapses) with each of the GFP-labeled neurons (Figure 4.6h). This analysis of labeled
retinal cells around the stamped starter cell provides evidence for a mono-transsynaptically
restricted jump of rabies virus from a single cell. Therefore, virus stamping can be used as a onestep process for initiating monosynaptically restricted transsynaptic rabies tracing from single
targeted cells in brain slices and in retina.
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Figure 4.6. Mono-transsynaptic rabies tracing initiated with single cell virus stamping. (A,B)
Schematic representation of the strategy used to perform mono-transsynaptic rabies tracing. In
panel (B) black solid outlines indicate neuron cell bodies and dendrites, black dashed outlines
indicate axons, and black dots indicate synapses. (C) An example of a tracing experiment
performed in brain slice. The stamped cell (left image, white arrow) was confirmed by staining
against the rabies-G protein, which only labeled a single cell in the slice (middle and right image).
Scale bar, 50 µm. (D) Example of a tracing experiment performed in retina. A single tdTomato
expressing retinal ganglion cell (Opn4-Cre × Ai9 mice) was stamped (indicated with the white
arrow), resulting in a single ganglion cell that was labeled with GFP via rabies infection (middle
image, white arrow) and with tdTomato (right image). In addition, several presynaptic amacrine
cells were also labeled with GFP (middle and right images). (E) Side projection of the field of
view depicted on the middle panel of (D) showing the location and stratification of all GFPlabeled cells. The white arrow indicates the starter cell (DAPI, blue, is included to emphasize the
boundaries of the IPL). GCL refers to the ganglion cell layer, IPL to the inner plexiform layer, and
INL to the inner nuclear layer. (F) Computer reconstruction of the GFP-labeled cells revealing that
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all neurons send processes into the same layer of the IPL. The starter cell is shown in green and
indicated with the black arrow. (G), A top view of the computer reconstruction. The starter cell is
indicated with the black arrow. (H) Starter cell with color-coded dots indicating contact points
with the presynaptic neurons labeled in (F,G). The axon of the starter cell is indicated by the black
arrow. Scale bar, 40 µm (D-G).
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4.5 Discussion
We have described ‘virus stamping’ as a method for single cell viral infection. Virus
stamping involves reversibly binding VSV-G-coated viral particles to the tips of flame-blunted
patch pipettes, followed by placing the pipette tips into mechanical contact with single cells. Virus
stamping can be used with a variety of enveloped virus types, and it allows for combinatorial
infection with different viruses as we demonstrated with lenti and G-deleted rabies viruses. Virus
stamping can be used both in tissues, including brain slices and retina, and in cell culture, such as
BHK and neuronal cell cultures. The method is technically simple, rapid to perform, and
affordable, requiring only standard laboratory equipment.
In its current form, virus stamping allows for infecting target cells with VSV-G coated
viruses using AEEA as a glass linker. Since a recent study demonstrated the patterning of adeno
associated viruses (AAV) onto amine-functionalized surfaces46,47, it is likely that our current virus
stamping protocol, which functionalizes the glass pipette with amines (AEEA), could also be used,
with only minor adjustments, for targeted single cell infection with AAVs. In addition to AEEA
and VSV-G, other glass linkers and virus coats could also be used for viral stamping; during the
development of the technology we performed successful virus stamping experiments by replacing
the glass linker AEEA with antibodies against virus coats such as rabies-G or the natural envelope
of herpes viruses (data not shown). While using an antibody to bind viruses to the glass pipette is
less widely applicable than using AEEA as the glass linker, it could be an alternate approach.
There are other potential applications of virus stamping which are not demonstrated in this
paper. First, a number of embryonic and induced pluripotent stem cell-based 2D and 3D human
and mouse organoids have been developed as models for understanding the development and
diseases of different organs, such as the retina, brain, lung, gut, and kidney23. Virus stamping
single cells in these organoids with lenti viruses at different stages of organoid development could
label single progenitors and daughter cells, and the process could be followed in real-time using 2photon or light sheet microscopy, enabling insights into the logic of organ development at single
cell resolution. Second, virus stamping could also be useful in addressing questions in general
virology, such as assessing receptor distribution on polarized cells, identifying permissive cells in
complex organs, studying receptor-virus interaction and viral entry. Third, while the virus
stamping protocol described here works for infecting single cells near to or at the surface of a
tissue and in cell culture in vitro, in the future virus stamping technology could be modified to
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infect single cells deeper in tissues and in-vivo. For this to happen, a method to shield the glass
pipette until the target cell is reached will need to be developed. A 2-photon laser-assisted or spike
recording-based targeting of deep cells in the cortex or other brain regions could enable simple,
one-step single cell initiated circuit tracing of physiologically or morphologically identified cells.
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4.6 Methods
4.6.1 Reagents
Unless otherwise noted, all reagents were purchased form Sigma-Aldrich.
4.6.2 Production of VSV-G-coated G-deleted rabies virus
SAD∆G-GFP rabies virus (referred in the text as G-deleted rabies virus encoding GFP or
Rabies-ΔG-GFP) has been described previously32. To obtain SADΔG-ChR2C128T-2A-tdTomato
(referred in the text as G-deleted rabies virus encoding tdTomato or Rabies-ΔG-tdTomato), we
replaced the rabies G open reading frame with ChR2C128T-2A-tdTomato. Both SAD∆G-GFP and
SADΔG-ChR2C128T-2A-tdTomato rabies viruses were amplified, and concentrated by
ultracentrifugation, as described previously48 with the following modifications: at the amplification
step we used the B7GG cell line (provided by Edward M. Callaway) instead of the BHK-B19G2
cell line. Next, in order to coat the viral particles with VSV-G glycoprotein, rabies viruses were
propagated on a BSR-VSV-RVG cell line49. Next, we performed the ultracentrifugation step and,
at the end of the ultracentrifugation, the supernatant was discarded and 100 µl NTE solution (100
mM NaCl, 10 mM TRIS HCl, 1 mM EDTA, pH 7.5) was added to the pellet. After 5 min
incubation at room temperature, the pellet was resuspended using gentle trituration. Viral stocks
were kept in 20 µl aliquots at −80°C. For each experiment, freshly thawed rabies virus was used.
For titration we used BHK-21 cells (ATCC, CCL-10) plated in 6-well plates. From each batch of
virus one aliquot was thawed and mixed with 280 µl DMEM supplemented with 1mM sodium
pyruvate, 1% fetal bovine serum (FBS) and 1% penicillin/streptomycin. From this mixture a serial
tenfold dilution was generated with culture medium up to 5 log dilutions, where each dilutions had
a final volume of 300 µl. These were then added to the wells and incubated for one h at 37 ˚C and
5% CO2. Then 1.5 ml culture medium was added and incubated for 48 h until the infected cells
developed bright fluorescence. Titer was determined by manual counting of the fluorescently
labeled cells under fluorescent microscope. The titer was higher than 108 infectious particles/mL.
4.6.3 Production of VSV-G-coated lenti virus
To obtain replication-deficient lenti virus (LV) encoding GFP, we first replaced the hPGK
promoter in the pRRLSIN.cPPT.PGK-GFP.WPRE plasmid (Addgene, #12252) with an EF1a
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promoter, yielding the pLV-EGFP plasmid. In order to make LV encoding rabies G of the
challenge virus standard 11 rabies strain (CVS11G), we replaced the GFP gene with the gene
encoding CVS11G50, yielding pLV-CVS11G. Together with the helper plasmids pCMVR8.74
(Addgene, #22036) and pMD2.G (Addgene, #12259), these plasmids were used for virus
production in HEK293T cells. After transfection, the production medium was changed to serumfree Episerf (Gibco). Apart from this change, the lenti virus production was carried out as
previously described51. Titers of GFP-encoding lenti virus were determined via a dilution series on
293T cells and subsequent flow cytometric quantification. For rabies G-encoding lenti virus, qPCR
titration (using Applied Biosystems, TaqMan reagents) was performed as previously described51.
In both cases the titers were higher than 108 infectious particles/ml.
4.6.4 Animals
All animal experiments and procedures were performed in accordance with standard ethical
guidelines (European Communities Guidelines on the Care and Use of Laboratory Animals,
86/609/EEC) and were approved by the Veterinary Department of the Canton of Baselstadt.
Animals were maintained under a 12 h light-dark cycle. Brain slices and retina were obtained from
4-6 week old female C57Bl/6 mice (Charles River Laboratories) or from 1 year old male and
female mice bred by crossing Opn4-Cre mice52 with tdTomato-expressing Ai9 mice53. Cortical
neurons were obtained from Wistar rats54.
4.6.5 BHK cell culture
BHK cells were passaged under 5% CO2 at 36°C in DMEM adjusted with 4 mM Lglutamine, 1.5 g/l sodium bicarbonate, 4.5 g/l glucose, 10% bovine calf serum, and 1%
penicillin/streptomycin. BHK cells with a density of 105 cells/ml were plated on 18 mm glass
coverslips (VWR International) and grown until they reached 80% confluence; they were then
used for experiments. For virus stamping experiments, coverslips containing BHK cells were
perfused with DMEM supplemented with 10% fetal calf serum that was bubbled with 95% O2 and
5% CO2 at 36°C.
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4.6.6 Cortical neuron culture
Cortical neuron cultures were obtained as described before54. Briefly, plating medium
consisted of 850 μl neurobasal medium (Gibco), supplemented with 10% horse serum (HyClone),
0.5 mM GlutaMAX (Invitrogen), and 2% B-27 (Invitrogen). After 24 h, the plating medium was
changed to growth medium: 850 μl DMEM (Invitrogen), supplemented with 10% horse serum, 0.5
mM GlutaMAX, and 1 mM sodium pyruvate (Invitrogen). Cultures were matured for 1 week in a
gas-controlled incubator (5% CO2, Thermo Scientific) prior to experimentation. For virus
stamping experiments, coverslips containing cortical neurons were perfused with DMEM with
10% fetal calf serum and bubbled with 95% O2 and 5% CO2 at 36°C. Transfection of cortical
neurons with GFP was performed using Lipofectamin (Invitrogen).
4.6.7 Retina preparation
After mice had been euthanized, the eyes were removed and retinas were dissected in pre-warmed
Ringer’s solution (110 mM NaCl, 2.5 mM KCl, 1 mM CaCl2, 1.6 mM MgCl2, 10 mM glucose, and
22 mM NaHCO3). The isolated retina was subsequently mounted ganglion cell side up on a
membrane filter (Millipore) with an 2×2 mm pre-cut window, allowing light from the microscope
to reach the retina and enabling the preparation to be viewed under the microscope. For stamping
experiments, the isolated retina was then perfused with heated Ringer’s solution (36°C) that was
bubbled with 95% O2 and 5% CO2. To allow access to ganglion cell and amacrine cell somata, a 510 MΩ pipette filled with Ringer’s solution was used to tear a hole in the inner limiting
membrane.
4.6.8 Brain sectioning
After mice were euthanized, brains were immediately removed and transferred to ice-cold artificial
cerebral spinal fluid (ACSF, 124 mM NaCl, 1.25 mM NaH2PO4, 2.7 mM KCl, 26 mM NaHCO3,
1.3 mM MgCl2, 2 mM CaCl2, 18 mM glucose) that had been bubbled with 95% O2 and 5% CO2.
The cerebellum was removed with a scalpel and the caudal portion of the brain was glued onto the
base of a vibratome (Leica VT1200S). Next, 150-200 µm thick brain slices were cut and
transferred to a chamber containing ACSF that had been bubbled with 95% O2 and 5% CO2 (only
cortical sections were collected) and kept at 36°C for 30 min prior to being used for virus
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stamping. For virus stamping experiments, brain slices were perfused with heated (36°C) and
bubbled ACSF and fixed in place in the chamber with a custom-made harp.
4.6.9 Glass pipette preparation
A detailed step-by-step methodology for preparing pipettes for virus stamping is provided
below (see also Supplementary Figure 2):
Step 1. Pulling and blunting pipettes (Supplementary Figure 2a).
(i)

Patch pipettes with a resistance of 10 MΩ were pulled on a P-97 Flaming/Brown

pipette puller (Sutter Instruments), using glass capillaries with 1 mm outer diameter and 0.5 mm
inner diameter (Sutter Instruments).
(ii)

Pipettes were flame-blunted using a Bunsen burner (Laborbedarf AG) and mounted

in a custom-made Teflon holder.
(iii)

The pipette tips were assessed for proper morphology (i.e. a small, smooth,

unbroken tip as shown in Supplementary Figure 4) under a bench-top microscope (Nikon).
Step 2. Cleaning of pipettes55 (Supplementary Figure 2b).
(i)

35 g KOH was dissolved in 35 ml ultrapure water (Thermo Fisher Scientific). This

reaction was performed in a staining jar (Fischer Scientific). Once the KOH had been dissolved,
300 ml pure ethanol was added, yielding a solution of ethanolic potassium hydroxide.
(ii)

The Teflon holder, together with the pipettes, was immersed in the ethanolic

potassium hydroxide in the staining jar and sonicated at 25 kHz for 5 min at room temperature in
an ultrasonicator water bath (VWR).
(iii)

Following sonication, the ethanolic potassium hydroxide solution was replaced

with 300 ml ultrapure water. The pipettes were then sonicated in ultrapure water at 25 kHz for 5
min at room temperature. This washing step was repeated 3 times.
Step 3. Silane functionalization of pipettes (Supplementary Figure 2c).
(i)

The functionalization solution was made by adding 300 µl AEEA (Sigma Cat No.

413348) to 300 ml ultrapure water in a staining jar. Note that an alternative name for AEEA is
N1-(3-Trimethoxysilylpropyl)diethylenetriamine.
(ii)

Cleaned pipettes were placed into the functionalization solution and rocked gently

on a shaker (VWR) for 15 min (30 oscillations per min).
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(iii)

The pipettes were removed from the functionalization solution and submerged for

5 s in a new staining jar containing 300 ml pure 100% isopropanol.
(iv)

The pipettes were placed into a fresh jar containing 300 ml ultrapure water and

sonicated at 25 kHz for 5 min. This step was repeated 2 more times.
(v)

The pipettes were transferred to an oven (VWR) and dried at 65°C for 2 h until

fully dried.
(vi)

The tip morphology of AEEA-coated pipettes was checked again under the

microscope and stored on a pre-polymerized PDMS (polydimethylsiloxane) coated petri dish for
up to 24 h until the virus was bound.
Step 4. Virus binding to pipettes (Supplementary Figure 2d).
(i)

A mixture of 20 µl virus aliquot and 10 µl NTE was prepared and was placed onto

an 18 mm coverslip positioned near an edge in a PDMS-coated petri dish.
(ii)

2-4 pipettes were carefully placed in the petri dish, with their tips submerged in the

virus solution on the coverslip. A folded, wet Kimwipe (Kimberly-Clark International) was placed
in the petri dish to prevent drying out of the viral solution during the incubation period. The lid of
the petri dish was then sealed with parafilm and incubated for 1 h at 4°C.
(iii)

After incubation, pipettes were gently washed three times by aspirating away virus

solution and replacing it with 50 µl L-15 medium (Sigma). This washing step was repeated 3
times. After washing, pipettes were left in 50 µl L-15 before being used for single-cell virus
stamping.
4.6.10 Virus stamping
Virus-bound pipettes were transferred to the solution that was used to perfuse the cells or tissues.
The pipette tip and the cells or tissue were imaged with an EM-CC C9100 (Hamamatsu) or a Spot
RTKE (Diagnostic Instruments) CCD camera, attached to an upright Nikon Eclipse E600FN
microscope (Nikon) fitted with a 60× water immersion lens (NA 1.0, Nikon). Microscope light
was filtered with an IR filter and passed through the sub-stage condenser, which was used to focus
the light onto the cells or tissue. For targeting fluorescent cells for virus stamping, the IR image
was combined with a fluorescent image using a 2-photon laser scanning microscope system56. The
pipette tip was then positioned such that it lightly touched the soma of the cell of interest
(Supplementary Figure 4.4). The pipette tip was held against the cell for 1 min while ensuring that
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physical disturbances were kept to a minimum. The pipette was then removed from the solution
and the cells or tissue were cultured.
4.6.11 Cell and tissue culturing after virus stamping
After virus stamping, the cells, brain slices and retinas were transferred to a heated (36°C)
and gas-controlled (5% CO2) incubator. BHK cell and cortical neuron cultures were incubated in
the same culture medium as indicated above for 1-2 days. Retinas and brain slices were cultured
on Millicell cell culture inserts (Millipore) in six-well plates. Retinas were cultured for up to 6
days in DMEM supplemented with 10% horse serum. Brain slices were cultured for up to 6 days
in medium previously developed for hippocampal cultures57. For both retina and brain slices, the
culture medium was changed every second day. Cell and tissue cultures were assessed for viral
infection via fluorescent protein expression using an epi-fluorescence microscope (Olympus
SZX16) equipped with an X-Cite120 PC Q light source (Scientifica).
4.6.12 Immunohistochemistry
BHK cells and cultured cortical neurons were fixed in 4% (w/v) paraformaldehyde (PFA)
in PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4, pH 7.4) for 5 min and
subsequently washed 3 times with PBS. Next, cells were blocked for 1 h in 10% (w/v) normal
donkey serum (NDS; Chemicon), 1% (w/v) bovine serum albumin (BSA), and 0.5% (v/v) Triton
X-100 in PBS. Primary antibodies were incubated for 1 h in 3% (v/v) NDS, 1% (w/v) BSA, 0.02%
(w/v) sodium azide, and 0.5% (v/v) Triton X-100 in PBS, followed by an overnight wash.
Secondary antibodies were incubated for 30 min in 3% (v/v) NDS, 1% (w/v) BSA, and 0.5% (v/v)
Triton X-100. After a final wash in PBS, cells were embedded in Prolong Gold antifade
(Invitrogen).
Retinas were fixed for 30 min in 4% PFA and then washed with PBS for at least 1 day at
4°C. To aid penetration of the antibodies, retinas were frozen and thawed 3 times after cryoprotection with 30% (w/v) sucrose in PBS. All other procedures were carried out at room
temperature. After washing in PBS, retinas were blocked for 1 h in 10% NDS, 1% BSA, and 0.5%
Triton X-100 in PBS. Primary antibodies were incubated for 7  days in 3% NDS, 1% BSA, 0.02%
sodium azide, and 0.5% Triton X-100 in PBS, followed by an overnight wash. Secondary
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antibodies were incubated for 2 h in 3% NDS, 1% BSA, and 0.5% Triton X-100 in PBS together
with DAPI (4',6-diamidine-2-phenylindole dihydrochloride, Roche Diagnostics, 10  µg/ml) to label
cell nuclei. After a final wash in PBS, retinas were mounted on glass slides and embedded in
Prolong Gold.
Brain slices were fixed for 30  min in 4% PFA in PBS and then washed with PBS for 5 min
at 4  °C, followed by incubation in 20% (w/v) methanol in PBS for 5 min. Next, slices were washed
3 times in PBS for 5 min. Slices were then permeabilized in 0.5 % Triton X-100 in PBS for 12 h at
4°C. Slices were then blocked for 1 h in 10% NDS, 1% BSA, and 0.5% Triton X-100 in PBS.
Primary antibodies were incubated overnight in 3% NDS, 1% BSA, 0.02% sodium azide, and
0.5% Triton X-100 in PBS, followed by an overnight wash. Secondary antibodies were incubated
for 2 h in 3% NDS, 1% BSA, and 0.5% Triton X-100 in PBS together with DAPI (4',6-diamidine2-phenylindole dihydrochloride, Roche Diagnostics, 10 µg/  ml) to label cell nuclei. After a final
wash in PBS, brain slices were mounted on glass object slides and embedded in Prolong Gold.
The following primary and secondary antibody combinations were used: (1) Primary: goat
anti-ChAT (1:200, AB144P, Chemicon). Secondary: donkey anti-goat IgG conjugated with Alexa
Fluor 633 (1:200, Invitrogen); (2) Primary: rabbit anti-green fluorescent protein (GFP; 1:200,
AB3216, Chemicon). Secondary: donkey anti-rabbit IgG conjugated with Alexa 488 (1:200,
Jackson); (3) Primary: chicken anti-RFP (1:200, AB3528, Millipore). Secondary: donkey antichicken IgG conjugated with Alexa Fluor 555 (1:200, Invitrogen); (4) Primary: mouse anti-rabies
glycoprotein (1:200, AB82460, Abcam). Secondary: donkey anti-mouse protein conjugated with
Alexa 647 (1:200, Jackson).
4.6.13 Confocal microscopy
Stained cells and tissues were imaged with a Leica SP8 confocal microscope (Leica).
Within a given sample, all images were recorded at the same laser power and gain control. Images
were acquired with either a 10× lens (NA 0.3) or with a 63× oil immersion lens (NA 1.40).
4.6.14 Scanning electron microscopy
Pipettes coupled to viruses were fixed in 2.5% glutaraldehyde in PBS for 5 min at room
temperature. Fixative was then removed and pipettes were rinsed gently in PBS 3 times for 5 min.
The pipettes were then placed in distilled water and subsequently in 1% (w/v) osmium tetroxide
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(in distilled water) for 1 h at room temperature. Afterwards, the pipettes were rinsed once more
with distilled water and allowed to dehydrate using a graded ethanol series of 30%, 50%, 70%,
90% and, finally, 100% (v/v, 10 min for each step). The pipettes were left submerged in 100%
EtOH and dried using a critical point dryer (Denton, DCP-1). Dried pipettes were fixed on a
custom-made pipette holder and sputter-coated, with either platinum (for VSV-G rabies) or a 4:1
gold:palladium mix (for VSV-G lenti) for 60 s, using a Leica Ace200 low vacuum coater (Leica).
Viruses coated on the tips of glass pipettes were then imaged using a Zeiss 1550 field-emission
scanning electron microscope at 3-5 kV, after the location of the viruses had been identified on a
finder grid.
4.6.15 Image analysis
2D maximum intensity projections were computed using Imaris (Bitplane). Images were
deconvolved using Huygens Core software (Scientific Volume Imaging B.V.). 3D computer
reconstructions of dendrites were made using the filament tracer module in Imaris (Bitplane).
Reconstructed dendrites were analyzed for contact points between processes using a custom
MATLAB (Mathworks) code.
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4.8 Supplementary Figures and Legends

Supplementary Figure 4.1. Optimization of coupling VSV-G-coated lenti viruses to a glass
surface. (A) Quantification of the number of particles fixed to pipette tips coated with different
chemical linkers. For these experiments, flame-blunted patch pipettes were coated with the
different chemicals concanavalin-A (Con-A), polybrene, polyethyleneimine, or AEEA. Then the
pipette tips were transferred to a solution containing VSV-G-coated lenti viruses. To quantify the
amount of bound viral particles, we imaged the pipette tips using scanning electron microscopy (as
for Figure. 2; n=3 for each chemical). P values are * p < 0.01. (B) Quantification of the number of
viral particles, on AEEA-functionalized glass, using phosphate buffered saline (PBS) or
NaCl/Tris/EDTA(NTE) as buffers (n=5)

	
  

	
  

Supplementary Figure 4.2. Preparing glass pipettes for virus stamping. The tools used for the
four steps described in Methods (‘Glass pipette preparation’) are shown. (A) Pulling and blunting
of pipettes. Scale bar, 2cm (B) Cleaning of pipettes. (C) Silane functionalization of pipettes. (D)
Virus binding to pipettes. Scale bar, 6 cm

	
  

	
  

Supplementary Figure 4.3. Non-targeted infection can be averted by using a lower virus
concentration. (A) Percentage of preparations in which non-targeted infection was observed when
binding different concentrations of G-deleted rabies virus encoding GFP (indicated on the x-axis)
to functionalized glass pipettes (for each virus concentration, n=8). For these experiments, virusbound pipette tips were lowered into, and then removed from, solution containing plated BHK
cells. The graph indicates that diluting the virus 100-fold eliminated non-targeted infection
completely. (B) Phase contrast (left) and fluorescence (right) images from a BHK cell culture in
which a cell was stamped with a pipette that had been prepared with a 100-fold dilution of Gdeleted rabies virus encoding GFP. Scale bar, 50 µm.

	
  

	
  

Supplementary Figure 4.4. Virus stamping. An infrared image of a flame-blunted, virus-bound
glass patch pipette that is touching the cell body of a retinal ganglion cell. Scale bar, 20 µm.
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Supplementary Figure 4.5. Single cell viral infection of a BHK cell in culture. Time series of
images, which are formed by superimposing phase contrast and fluorescence images, showing the
development of fluorescence in a single BHK cells over a 24-h period. The inset in the bottom two
images is a higher-resolution view of the infected cell. Scale bar, 200µm.
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Supplementary Figure 4.6. Stamping multiple cells with the same virus-bound pipette. For
this experiment, a single pipette was bound to VSV-G-coated G-deleted rabies virus encoding
tdTomato, and VSV-G-coated lenti virus encoding GFP. First a retinal cell with a large soma was
stamped with a pipette tip, then a nearby cell with a smaller soma was stamped with a different
area of the same pipette tip. Both cells were infected with both viruses (rabies infection in red, left
image, lenti infection in green, middle image). Side projections (bottom images) and ChAT
immunostaining (right image) show that the two infected cells stratify in different layers in the
retina. The side projection is shown at a higher resolution (as indicated by the white box, top right)
to emphasize the stratification patterns. Additionally, the cell with the large soma could be
identified as a ganglion cell by virtue of its axon, whereas the cell with the smaller soma did not
have an axon, indicating that it is an amacrine cell. Scale bar, 20 µm.

	
  

	
  

Supplementary Figure 4.7. Mono-transsynaptic rabies tracing in the retina. (A) A second
example of a computer reconstruction of a neural circuit traced using mono-transsynaptic rabies
tracing initiated from a stamped single retinal ganglion cell (the first example is shown on Figure 6
G,H). The morphology of the stamped ganglion cell (light blue; indicated by the black arrow), as
well as the morphology of the eight other cells that were labeled with GFP are shown. Scale bar,
30 µm. (B), A higher magnification view of the starter cell, with dots corresponding to contact
points (which we associate with putative synapses) with each of the presynaptic cells labeled in
(A). Note that the colors of the dots represent distinct cells shown in (A). Importantly, each
presynaptic cell contacts the ganglion cell at least once. Scale bar, 20 µm.
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Chapter 5
Discussion and Conclusion
	
  
5.1 Establishing SCFS for studying synaptic adhesion
In this thesis, I first established a protocol and methodology for using SCFS to study cell
adhesion. Next, I went on to study neural connectivity at the microscale using SCFS. I focused on
Teneurin’s role in establishing neural connectivity by studying its adhesive properties and
mechanisms. Current evidence suggests that Teneurins are predominantly involved in neural
development, regulating the establishment of proper connectivity within the nervous system149.
Despite the strong evidence linking Teneurins to the development of the nervous system150,151, less
is known about the molecular mechanisms behind Teneurins binding and cell-cell recognition.
Using genetic manipulation of the Teneurin protein in HEK cells and in combination with our
SCFS assay I confirmed the literature that Teneurins do interact homophillically with each other
and that the NHL domain of Teneurins are involved in recognition. Finally, as a cell biological
read out I verified which Teneurin domains are responsible for initiating recognition and
stabilizing adhesion through neurite outgrowth assays.
	
  
5.2 Establishing viral stamping for tracing the structure of neural circuits
Going one step further in a quest to integrate our understanding of neural connectivity both
at the micro and meso/macro scale, I developed and implemented a technique for reliable targeting
single neurons for viral infection with a technique termed “viral stamping”. Aside from infecting
single cells, this technique was amenable to single-cell-initiated monosynaptic tracing. In every
case in which a neuron was dually infected with both VSV-G lenti expressing the rabies
glycoprotein and RV-ΔG-VSV-G-eGFP, there was successful transsynaptic labeling of the direct
inputs to the stamped cell. Currently with this technique we can identify and probe a single cell or
microcircuit in retinal explants and brain slices, proving it can be a useful tool to differentiate
single neurons and traced neural circuits from the vast web of connections that comprise the retina
and brain.
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5.3 SCFS methodological limitations and future implications
Current SCFS set-ups have some limitations ranging from data acquisition to analysis of
acquired data. For example, SCFS measurements are low throughput and time consuming because
only one cell can be characterized at a time. For statistical reasons, many cells and detachmentforce–distance curves must be recorded, which makes measurements with long contact times
painstaking. Current design of AFM machines and software used for analyzing force curves
generated from long contact time experiments (>20 minutes) remain challenging due to thermal
drift generated during these experiments. For more biologically relevant experiments such as
adhesion receptor/ligand clustering or synapse maturation long-contact-time measurements are
required and solutions involving both hardware and software will need to be developed10,53,152. As
shown earlier in chapter 2, standardizing experimental procedures for adhesion data acquisition
will make SCFS easier to perform, but without proper data-analysis norms it will still remain
challenging for analyzing data sets. Currently experimental data acquisition methodologies are
being developed to insure the specificity of the molecular interaction being studied in engineering
cell lines and receptors with high specificity153,154. Lastly, software is being developed to analyze
numerical data to standardize the analysis and fit mathematical models.
5.4 Current improvements and the future directions of viral stamping
The first challenge with rabies tracing is the under sampling of presynaptic neurons and
starter cell death. Hints to the under sampling have been most clearly demonstrated by targeting
single pyramidal neurons in the cortex in-vivo

33,39,42

. In the original study by Marshel et al., 2010

inputs to a single starter from layer 2/3 pyramidal resulted in the labeling of fewer than 100
presynaptic, whereas on average up to ~350 presynaptic neurons were labeled by targeting
individual layer 5 pyramidal neurons in the study by Rancz et al., 201144. Furthermore, monotrans-synaptic tracing from a single starter cell in layer 5 of the S2 somatosensory cortex resulted
in the tracing of 249 presynaptic cells (Miyamichi et al., 2011)38. These differences may be
partially due to cell type and/or other factors such as plasmid copy delivery or regulation of
transgene expression under different promoters. Nevertheless, the number of labeled presynaptic
neurons was substantially lower than that expected from calculations predicting around 600 cells
based on dendritic spine numbers and the average number of synapses formed between connected
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pairs of neocortical pyramidal neurons42,155. One possible explanation for this under sampling is the
level of expression of G, which may fail to meet the stoichiometry required for the efficient
assembly and trans-synaptic crossing of rabies virus particles in-vivo. Recently, Kim et at,. 2015156
and colleagues developed an engineered oG (optimized glycoprotein) that increases monosynaptic
rabies tracing efficiency up to 20-fold compared to other versions of glycoprotein used in previous
studies. It remains to be shown whether other factors such as the properties of the synaptic
contacts (strength, activity, or molecular signature of presynaptic neurons) could influence the
efficacy of synaptic crossing. Stamping and alternative tracing techniques using a recombinant
polysynaptic rabies virus such as the one used by (Nguyen et al., 2012)41 should help shed some
light on this issue, as should a more detailed analysis of the molecular characteristics of the
synapses that are efficiently crossed. The latter is being investigated by mapping the entry of
mechanisms of rabies on neuronal cells with the AFM.
Studying connectivity in live and intact brains is critically important151,157. The design of the
in vitro stamping method described in chapter 4 is currently being modified to go in-vivo. Like
previous techniques involving viral tracing, in-vivo stamping used the “shadow patching” to
perform two-photon targeting of neurons for stamping (Kitamura et al., 2008)158. To be brief, we
have modified in vitro stamping for in-vivo application by coupling viruses to magnetic beads
coated with a linker optimized to bind any enveloped virus159. These coupled beads are then backloaded into a patch pipettes and pulled down to into contact with the cell membrane once a target
cell is contacted using the shadow patching technique target. The big advantage and novel
application of this technique is its robustness in terms of targeting multiple cells for circuit tracing
and different types of viruses (Figure 1). Although the in-vivo stamping adaptation is potentially a
significant improvement from previous single cell initiated monosynaptic tracing techniques it like
previous techniques is limited to how deep viruses can be delivered in a targeted many by the 2photon microscope’s working distance. Currently all assisted imaging for viral delivery is limited
to within approximately 500 um from the brain surface (which in cortex means that targeting can
only be directed to layers 1-4). A recent study hints at the advancement of viral gene delivery via
systematic transvascular route (more non-invasive) with targeted gene-expression and with the
integration of non-invasive imaging techniques such as transcranial focused ultrasound160.
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For the neuroscientists studying neural circuitry it is very important to define the neuronal
cell types present within a defined circuit. Cellular identity is based on an ever-more refined list of
criteria such as electrical properties, patterns of gene expression and morphological
features151,161,162. Currently we link cell identity to the expression of a fluorescent marker but in
addition we would like to integrate electrical properties by using genetically encoded calcium
indicators in our tracer viruses to facilitate analysis of the properties of these cells within a circuit
in-vivo (Figure 5.1).

Figure 5.1. Schematic of in-vivo viral stamping strategy. (A) Same pseudotyped viruses used in
chapter 4 with exception of GCaMP and RCaMP being used as the genes rabies will deliver to the
infected cells. Viruses are chemically coupled to magnetic beads coated with NHydroxysuccinimide (NHS). (Step 1) The beads are then delivered to the target cells of interest
using a combination of shadow patching to find the cell of interest and pulling the beads to that
cell using a electromagnet (Step 2). After waiting 7-10 days the presynaptic cells are labeled from
the first rabies jump (Step 3). The mouse is then presented with visual stimuli and the calcium
responses of the presynaptic cells are recorded in-vivo. To get the next set of presynaptic cells, the
in-vivo stamping procedure is repeated by targeting one of the GCaMP expressing cells with an
RCaMP expressing rabies virus. After waiting another 7-10 days, the mouse is again presented
with visual stimuli, and this time calcium responses are recorded from the RCaMP expressing
presynaptic cells.
Lastly, in conjunction with implementing in-vivo circuit tracing we are integrating and
developing techniques to perform high-resolution imaging of intact, fixed, cleared brains. The
detailed anatomical analysis of neural circuits across the brain will accelerate progress in
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dissecting input/output circuit elements, refining our understanding of the building blocks of the
nervous system (Figure 5.2).

Figure 5.2. High-resolution intact brain imaging and analysis of data generated from it. (A)
Whole brain imaging performed using serial two-photon tomography163 on a brain injected with
GCaMP rabies. (B) High resolution reconstruction of the labeled neurons in the white dashed box
in (B). 2d maximum intensity projection of CLARITY optimized lightsheet microscopy on an
intact brain section labeled with GCaMP rabies. Scale bar, 60 µm. Pink dashed box is a blowup
and 3d rendering of a subsection of the data. Scale bar, 2 µm C) Using imaris imaging software
presynaptic cells and the postsynaptic cells of a mouse melanopsin retinal ganglion cell. The cells
are characterized and classified using computer reconstructions of the rabies tracing data to get
insights into the anatomy and function of local circuits of melanopsin ganglion cells. Scale bar, 2
µm for putative synapses image and Scale bar, 60 µm cluster images.
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In conclusion, the methods and results presented in this thesis have the potential to link
together our understanding of neural connectivity across many scales. Although understanding
brain function in-vivo will remain challenging, there are considerable opportunities on the horizon
for technological breakthroughs in many areas such as viral engineering, optogenetics, imaging
technologies and biophysical tools that may have a substantial impact on basic neurological
research as well as on the understanding of disease164. Finally, although this thesis has focused on
technologies and methodologies being developed for studying neural connectivity I believe the
techniques and tools mentioned in this thesis may ultimately help in progressing other fields of
biology and technology.
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