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Abstract (German)
In vivo Analyse neuronaler Kalziumsignal-Aktivitat wahrend der

Frihentwicklung des visuellen Cortex

Im visuellen Cortex der Maus wurden neuronale Kalziumsignale mittels der Zwei-
Photonen Mikroskopie in vivo untersucht. Es wurden entweder kleinmolekulare, anorganische
Kalzium-Indikatoren oder der genetisch-kodierte Kalzium-Biosensor CerTN-L15 eingesetzt.
Acht Tage nach der Geburt (P8) wurden erstmals spontane Kalziumwellen beobachtet. Zum
Zeitpunkt des Augentffnens (P12-P14) é&nderte sich das Aktivitdtsmuster ziigig von
unspezifisch-global zu spezifisch-karg. Ursache dafiir war die Reifung der synaptischen
Hemmung. Die Kalziumwellen erforderten die Aktivierung spannungsgesteuerter Natrium-
Kanéle, aktive glutamaterge Synapsen und besonders die Aktivierung von NMDA-
Rezeptorkandlen. Auch fur die lichtevozierten Kalziumsignale waren die NMDA-
Rezeptorkandle von entscheidender Bedeutung. Die Ergebnisse dieser Untersuchungen
enthillen die wesentlichen cortikalen Aktivitdtsmuster einer kritischen Phase der

Frihentwicklung der Sehrinde.

Abstract (English)
In Vivo Analysis of the Neuronal Calcium Signaling in the

Developing Visual Cortex

Neuronal calcium (Ca?*) activity in the in vivo mouse visual cortex was studied by
means of two-photon imaging. Signal reporters were either small molecule Ca** indicators or
the genetically encoded Ca** biosensor CerTN-L15. The data revealed a novel type of large
scale spontaneous Ca®* waves, that emerged in the visual cortex around postnatal day 8 (P8).
Around eye opening (P12-14) the pattern of Ca®* waves changed from profuse to sparse in
line with the development of GABAergic inhibition. The Ca** waves required activation of
voltage-gated Na™ channels, glutamatergic synaptic transmission and, importantly, relied upon
activation of NMDA receptor-channels. The activation of NMDA receptors was also essential
for light-evoked Ca®* signals. Taken together, the results reveal on the single-cell level the

essential activity patterns during a critical phase in the development of the visual cortex.
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Abbreviations:

3D three-dimension

ACSF artificial cerebrospinal fluid

Alexa 594  Alexa 594 hydrazide sodium salt

AM acetoxymethyl

AMPA a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionat
AP action potential

APD avalanche photo diodes

APV D-2-amino-5-phosphonovaleric acid
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CI chloride
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CNQX 6-Cyano-7-nitroquinoxaline-2,3-dione

CO, carbon dioxide

dLGN dorsal lateral geniculate nucleus

DMSO dimethylsulfoxid

DR dark rearing (more precisely mice reared in the dark)
EEG electroencephalography

EGFP enhanced green fluorescent protein

ENOs early network oscillations

EYFP enhanced yellow fluorescent protein

FCIP genetically encoded fluorescent calcium indicator protein
fMRI functional magnetic resonance imaging

FRET fluorescent resonance energy transfer

Fsec femtosecond

g gram

GABA y-aminobutyric acid

GABAA y-aminobutyric acid type A receptor

GFP green fluorescence protein

GVD group velocity dispersion

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Hz Hertz

IP3 inositol 1, 4, 5-triphosphat

KCI potassium chloride

kD kilodalton



kg
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mg
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pH
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SR101
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milliliter
millimeter
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natrium hydrogen carbonat
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oxygen
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tetrodotoxin
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primary visual cortex
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the relative change in fluorescence over time
ratio of Citrine/ Cerulean fluorescence



8 | Introduction

Chapter 1

Introduction

The focus of the work presented in this thesis was the analysis of in vivo calcium
signaling in the developing visual cortex of rodents using calcium fluorescence markers and
two-photon microscopy. The introductory chapter includes three sections which provide the
basic information required for an understanding of the methods and the general approach. The
first section outlines the principle, instrumentation and applications of two-photon
microscopy, as well as the techniques used for in vivo labeling of neuronal tissue with
fluorescence calcium indicators. Section two gives an overview of the anatomical and
functional organization of the mouse visual system, while the final section provides a brief
review on up to date data regarding the presence and significance of patterned activity in the

developing visual system.

1.1. In vivo Calcium Imaging in the Mammalian Brain

1.1.1. Goals

The brain is constantly active even in the absence of sensory information, exhibiting
patterns of spontaneous activity that start before birth and last until death. Understanding the
mechanisms that generate the spontaneous brain activity and its modulation by external
sensory inputs is of critical importance in understanding information processing. The ideal
approach to study brain activity are intact in vivo preparations, which preserve all the circuits
that connect the different parts of the nervous system and maintain the integrity of the
incoming sensory inputs, outgoing motor commands, and internal association processes. Brain

activity depends both on the intrinsic electrophysiological properties of single neurons
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(Llinas, 1988) and also on synaptic interactions in the neural networks (Steriade, 2000). On
the other hand, there is a rich diversity of neuronal and glial cell types that serve different
functions. Therefore, a comprehensive method appropriate to study the mechanisms
governing brain activity demands the fulfilling of several conditions, such as the ability (i) to
examine the intact, living, organism, (ii) to visualize and identify the cellular types involved
in the process, (iii) to investigate their properties at single cell level and, if possible
simultaneously, (iv) to analyze their involvement in the spatiotemporal pattern of neuronal
networks dynamics.

So far, the function of large scale neuronal assemblies has been studied in vivo with
different electrical and imaging techniques, including electroencephalography (EEG),
functional magnetic resonance imaging (fMRI), positron emission tomography (PET),
extracellular multielectrode recordings (Nicolelis and Ribeiro, 2002), intrinsic optical signal
recordings ( Grinvald et al., 1986; Bonhoeffer and Grinvald, 1991), and voltage-sensitive dye-
based imaging (Orbach et al., 1985). However, these techniques do not allow recordings with
single-cell resolution. A major step forward in overcoming this limitation was the
development, more than a decade ago (Denk et al., 1990), of the two-photon laser scanning
fluorescence microscopy (TPLSFM). Combined with in vivo fluorescence labeling
techniques, TPLSFM has been proved to represent a powerful new technique for the
visualization and investigation of the physiological processes that take place both at cellular

and neural network levels in living animals.

1.1.2. In Vivo Two-Photon Fluorescence Microscopy

1.1.2.1. Underlying Principle of Two-Photon Fluorescence

Microscopy

Fluorescence microscopy is based on the absorption of light with a specific
wavelength by the molecules of a fluorescent marker (referred to also as fluorophore),
followed by the emission of light with a longer wavelength (of a different color than the
absorbed light). The absorption process or the excitation brings the fluorescent molecule from
its electronic ground state to an excited electronic state (Fig. 1). Each of these electronic states
is composed of a manifold of vibrational substates, which broadens the range of photon

energies (wavelengths) that can cause this transition. An excited-state fluorescent molecule
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quickly ends up in the lowest vibrational level of the excited electronic state, a process called
internal conversion. Fluorescence is observed when a photon is emitted by the fluorescent
molecule as it returns directly to the ground state. Excited-state lifetimes are usually in the
nanoseconds range. Because of the energy loss that accompanies the initial internal
conversion, fluorescence occurs at a lower photon energy (longer wavelength) than excitation
(Lanni and Keller, 2000).

In traditional fluorescence microscopy techniques, including confocal microscopy,
the elementary process involves the absorption of a single “blue” photon (also called linear
absorption), which has high enough energy to bridge the gap between the ground and excited
states of a fluorophore. In two-photon excitation, the quantum energies of two photons have
to be combined quasi-simultaneously (within ~ 0.5 fs, Helmchen and Denk, 2005) in order to
promote an electronic transition that would otherwise require a single photon of
approximately twice the energy. This is achieved with the use of near-infrared (red) photons

that have double wavelength and half the energy of blue photons (Fig. 1).

e —1
1V 1A% 1A%
~ i,
A

,lzf hv

y —1 vV

Figure 1: Scheme of one-, respectively two-photon excitation.

In one-photon microscopy a fluorophore is brought from its ground to the excited state by the absorbtion of a
blue photon. The fluorophore relaxes down in the lowest vibrational level of the excited electronic state
(internal conversion) and usually returns to the ground state by emission of one photon having a lower energy
(longer wavelength, green) than the excitation photon. In two-photon microscopy, two red photons interact
simultaneously with a fluorescent molecule to excite it and produce an electronic transition corresponding to
twice the energy of the single photon. The emitted photon has now a higher energy than the absorbed ones and
the excitation and emission wavelengths are typically separated by several 100 nm.

The rate of one photon absorption per fluorophore W; is linearly related to the
average photon flux density < ¢ > by the one-photon cross section ¢ (a measure of how
efficiently the fluorophore converts excitation light to emitted fluorescence), Wi= 6 < ¢ >.

The rate of two-photon absorption W,, however, depends on the density of pairs of photons
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and is thus proportional to the average squared photon flux density, W,= ¢ < ¢p* >. This
requires that pairs of photons energies can combine only if these photons happen to pass
through a small enough area within a small enough time (Williams et al., 1994). Therefore,
the efficiency of two-photon absorption depends on the spatial and temporal distribution of
the excitation light. High spatial density can be generated by focusing a laser beam through a
high numerical aperture objective (Helmchen and Denk, 2005). Concentration in time is
achieved by the use of “mode-locked” lasers that emit repetitive ultrashort pulses (in the
femtoseconds range) that deliver the photons quasi-simultaneous. During the pulse a very
high instantaneous power is produced (kW, MW) while the average power incident on the
sample is low, only 1 Watt (Wise, 2000). Lasers used in TPLSM provide pulse length
around 100 fsec and repetition rates of approximately 100MHz.

Living tissues are characterized by severe scattering due to inhomogeneities in the
index of refraction present in the tissue (Denk and Svoboda, 1997). Scattering leads to
degradation of the resolution and contrast and for traditional, including confocal, fluorescence
microscopy it limits the possibility of high-resolution deep imaging within the tissue. Two-
photon microscopy overcomes this limitation due to two unique properties of two-photon
excitation. First, it has a highly localized fluorescence excitation that allows efficient
fluorescence collection. Second, it uses longer excitation wavelengths (ranging between 700
to 1000 nm) that lead to better tissue penetration. Both these properties contribute to the
ability of two-photon microscopy to provide high resolution images from up to 1 mm deep
inside the living brain (Theer et al., 2003).

In one-photon microscopy, the excitation light has to reach the focus and on the way
there it illuminates the entire thickness of the sample being examined, before the focal point
and beyond, because most excitation light continues to propagate. On the other hand, two-
photon absorption depends on the square of the density of photons, specifically of the
illumination intensity. The consequence is that two-photon absorption is spatially confined
only to the perifocal region, contrasting with one photon microscopy where the absorption
occurs within the entire excitation cone (Denk et al., 1990). Absorption of excitation light can
cause phototoxicity and photodamage of the tissue. The lack of out of focus excitation in two-
photon microscopy increases the tissue viability and allows long time imaging (Williams et
al., 1994).

In one-photon microscopy optical sectioning needed for obtaining resolution is based
on the rejection, by a confocal pinhole, of all fluorescence light except for that coming from

the focus, which means that approximately 99% of the generated fluorescence light is wasted
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(Denk, 2000). Only the photons that have not been scattered on their way out of the tissue
(ballistic photons) contribute to the signal, while the scattered photons, which form the
majority, are rejected by the pinhole (Denk and Svoboda, 1997). Localization of the excitation
renders another advantage to two-photon microscopy, namely it provides an optical sectioning
effect (Denk et al., 1990), because fluorescence is generated only in the vicinity of the focus
(called the focal volume, roughly 1 femtoliter) where the light intensity is high enough to
excite the fluorophores. Scattered excitation photons are too dilute to excite, and they produce
negligible background or photodamage. Therefore, in two-photon excitation there is almost a
complete utilization of the excited fluorescence because only those fluorophores are excited

from which one would collect the fluorescence.

1.1.2.2. A Two-Photon Microscope Setup

Two-photon microscopes are commercially available from several providers, but
they could also be converted from already existing confocal systems (Majewska et al., 2000).
The latter option require only the replacement of optics for adaptation to the different
excitation wavelength of two-photon microscopy (Denk and Svoboda, 1997) and, since out of
focus fluorescence is not a concern in two-photon microscopy, the confocal pinhole is no
longer necessary. There are quite a few advantages for the custom-built systems, including
price, the flexibility to choose the components specifically needed for the applications, and
understanding of the complete system functioning (Majewska et al., 2000).

The main components of a two-photon microscope are the light source, scanning
mirrors and optics, a fluorescence detector and a data acquisition system (Fig. 2). The light
source is represented by “mode-locked” lasers, of which the most widely used is the
Titanium-sapphire (Ti:sapphire) laser, because of the greatest performance in terms of power
capability (~1-5 W), broad wavelength tunability (700-1100nm) and short pulse duration
(~100fsec) (Wise, 2000). It has a repetition rate of ~ 100 MHz that matches the nanoseconds
fluorescence lifetime of the fluorophores (Helmchen and Denk, 2005). After the laser beam
has traveled through the optical glass components of the microscope, the short pulses are
longer at the sample due to group velocity dispersion (GVD). GVD is the result of the
difference in propagation speed for wave packets of different wavelengths in different optical
materials and results in decreased two-photon excitation efficiency (Denk, 2000). This can be
compensated by a prism or grating arrangement (Soeller and Cannell, 1996) that restores the

initial pulse width at the sample and optimize the two-photon absorption.
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Figure 2: Scheme of a two-photon microscope setup for in vivo experiments.

A mode-locked laser provides the excitation light with wavelengths in the red portion of the spectrum in form
of ultrashort pulses (the pulse width is 100fsec). The laser beam is guided to enter the objective and raster
scanned across the specimen by scanning mirrors. Fluorescent light emitted by the sample is collected through
the same objective, separated from the excitation light by a dichroic mirror and subsequently detected by an
external PMT. For in vivo experiments the animal should be accommodated in the setup.

modified from (Svoboda et al., 1997)

The scanning mirrors and the optics of the microscope that direct the excitation light
to the sample are selected for high throughput in the infrared light. The excitation intensity
can be adjusted by a laser intensity modulator (for example a Pockels cell). The laser beam is
scanned usually by a pair of galvanometric scanning mirrors and further adjusted in order to
fill the back aperture of the microscope objective, which focuses the light into the sample. The
same objective collects the emitted fluorescence, which is further separated from the
excitation light by a dichroic mirror, and then guided onto the detector, which can be either
photomultiplier tubes (PMT) or avalanche photo diodes (APD). Because in the two-photon
microscopy the emitted photons are generated only in the focus point, even the highly
scattered signal photons carry useful information. Therefore, the whole-field detection is the
preferred modality that enables the detection system to collect as many fluorescence photons

emerging from the specimen as possible.
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1.1.2.3. In vivo Applications of Two-Photon Microscopy

Based on its unique advantage of depth penetration and reduced photodamage,
TPLSFM opened a new avenue for the in vivo analysis of different biological tissues. Its
applicability expanded extremely fast to investigate the behavior of various tissues in their
natural environment, like for example, lymph nodes (for review see (Cahalan and Parker,
2006; Cahalan et al., 2003)), kidney ( Ashworth and Tanner, 2006; Ashworth et al., 2007),
muscle (Rudolf et al., 2006), embryo (Squirrell et al., 1999), blood flow (Kleinfeld et al.,
1998), and skin (Masters et al., 1998). Furthermore, TPLSFM was used in vivo to study the
characteristics and possible treatment therapies for the development and progression of
pathological processes, like tumors (Wessels et al., 2007; Boissonnas et al., 2007) and
Alzheimer disease (Takano et al., 2007).

The emergence of TPLSFM contributed also substantially to the advances achieved
in the investigation of the intact mammalian brain on the subcellular, cellular and network
scale. Two-photon microscopy for the first time enabled in vivo recordings from subcellular
compartments like dendrites of pyramidal neurons in anesthetized rats (Svoboda et al., 1997),
deep layer cortical pyramidal neurons (Helmchen et al., 1999), as well as functional imaging

form entire neuronal networks (Stosiek et al., 2003).
1.1.3. In vivo Labeling with Fluorescent Calcium Indicators

As a fluorescence imaging technique, TPLSM depends on suitable fluorescent
labeling methods that would facilitate the visualization of the biological structures and
monitoring of their function. A large number of fluorescent indicators have been developed
for measuring different ion concentrations. Notably, a lot of effort has been invested to design
calcium indicators because of the important role of calcium in cellular function and in
particular in neuronal activity. Calcium (Ca®") is one of the most important intracellular
messengers in the brain. It is essentially involved in the mechanisms responsible for neuronal
development, like neuronal migration (Komuro and Kumada, 2005), neurite outgrowth (
Redmond et al., 2002; Konur and Ghosh, 2005; Lohmann et al., 2005), gene expression
(Fields et al., 2005) and the regulation of various metabolic pathways. Ca®* signaling is also
indispensable for synaptic transmission (Evans and Zamponi, 2006) and plasticity (Liu and

Zukin, 2007), processes responsible for the induction of memory and learning. Furthermore,
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dysregulation of intracellular Ca** signaling is involved in many pathophysiological events,
such as cell apoptosis and the pathogenesis of Alzheimer’s (LaFerla, 2002), and Huntington
(Bezprozvanny and Hayden, 2004) disease, or autism spectrum disorders (Krey and
Dolmetsch, 2007).

Functional imaging of Ca®* dynamics takes advantage of the properties of Ca®*
homeostasis inside brain cells. In resting conditions, the concentration of Ca?* is very low
inside the neuronal cells, typically 50-100 nanomolar, whereas the Ca®* ions concentration
outside cells is several orders of magnitude higher then inside, several millimolar in the
bloodstream or cerebrospinal fluid (Purves, 2004). Upon depolarization, there is an
intracellular Ca?* influx, which is attributed to the activation of different types of voltage-
gated Ca** channels and NMDA receptors present in the cellular membrane and abundantly
expressed in the nervous system. This Ca®* influx produces a transient rise in the cytoplasmic
Ca®* concentration, which can be further amplified by the release of Ca®* from the
intracellular stores, (e.g. the endoplasmic reticulum) through a process referred to as Ca?*
induced Ca*" release. The fluorescence properties of Ca®" indicators are sensitive to the

intracellular free- Ca®* concentration.

1.1.3.1 Different Classes of Fluorescent Calcium Indicators and Their

In Vivo Brain Labeling Techniques

One class of Ca®" indicators consist of a metal-binding site (or sensor) coupled to a
fluorescent molecule. At present there is a wide variety of fluorescent Ca®* indicators
available that are classified into two categories: chemical Ca®* indicators (or “dyes”) based on
the Ca®" specific chelator 1,2-bis-[2-aminophenoxy]ethane-N,N,N’,N’-tetraaacetic acid
(BAPTA) (Tsien, 1989), and genetically encoded fluorescent Ca®* indicator proteins (FCIPs),
which use Ca** sensor proteins (Garaschuk et al., 2007). Indicators signal Ca®* binding by
generating changes in their fluorescence through mechanisms leading to the following three
outcomes: (i) a shift in excitation and sometimes emission fluorescence peaks, (ii) changes in
fluorescence intensities or (iii) changes in fluorescent resonance energy transfer (FRET)
(Adams, 2000). The change in fluorescence upon Ca®* binding is registered as a Ca?*
transient, which has a fast raise time, due to Ca** entering inside the cell through voltage-
gated Ca?* channels, and a slower decay time, due to Ca** removal from the cells by the Ca**

pumps.



16 | Introduction

1.1.3.1.1 The Small Molecule Calcium Indicators (SMCIs)

The chemical Ca** indicators (also called small molecule Ca®* indicators, SMCIs) are
charged molecules that do not cross the cellular membranes and therefore require delivery
into cells by microinjection. This problem was overcome by the synthesis of acetoxymethyl
(AM) ester derivatives of these indicators (Tsien, 1981). This design masks the negative
charges of the indicator with AM esters, which render the molecule lipophilic and membrane
permeant, allowing the indicator to passively diffuse across the cell membrane inside the cell.
Once inside the cells, the AM esters are cleaved by cytoplasmic esterases and the free
indicator loses its lipophility and remains trapped inside the cell because it is once again
charged. Thus, the indicator accumulates intracellularly at higher concentrations compared to
the extracellularly residual AM ester (Yuste et al., 2000).

As already mentioned, Ca** indicators change their fluorescence with changes in the
intracellular free calcium concentration, [Ca*'];. There is a strong relationship between the
electrical activity and the changes in [Ca®'];, and subsequently, the changes in the
fluorescence of the small molecule Ca** indicators ( Yuste and Denk, 1995; Helmchen et al.,
1996; Smetters et al., 1999; Mao et al., 2001). Therefore, labeling of neuronal cells with
SMCiIs provides a sensitive tool for real-time analysis of neuronal activity in vivo and the
combination with the TPLSM enables deep imaging in the intact mammalian brain
(Helmchen and Waters, 2002). To investigate the spatio-temporal neuronal [Ca®*]; dynamics
different loading techniques evolved for in vivo delivery of the indicator molecules inside the
brain cells.

The first method developed to label brain cells in vivo with SMCIs was the
intracellular dye loading of individual neurons via sharp microelectrodes or patch pipettes
(Svoboda et al., 1997; Helmchen et al., 1999; Svoboda et al., 1999), which were inserted at a
shallow angle inside the brain. By wusing this approach simultaneous in vivo
electrophysiological intracellular recordings and Ca®* imaging were made possible. These
studies measured the generation of Ca?* transients in dendrites of neurons located either in
layer 2/3 or in deep layer 5 in the barrel cortex during spontaneous and evoked action
potential firing, as well as during sensory stimulations. A similar approach was used also for
monitoring odor and action potential-dependent dendritic Ca** signals in mitral cells of the rat
olfactory bulb (Charpak et al., 2001; Debarbieux et al., 2003).

However, this loading procedure restricts the in vivo high-resolution Ca** imaging to

a single neuron at the time and therefore is not applicable for monitoring entire neuronal
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networks. A versatile method was developed that circumvented this limitation and enabled in
vivo simultaneous loading of large population of neuronal cells with SMCIs (Stosiek et al.,
2003; Garaschuk et al., 2006a). This method is termed multi-cell bolus loading (MCBL). It is
based on targeted pressure ejection of a concentrated solution of the AM, membrane-
permeant, form of Ca*" indicators into the brain region of interest via a pipette inserted into
the brain through a small skull craniotomy. It can be used for a large spectrum of indicator
dyes, including Oregon Green 488 BAPTA-1 AM, Fura-2 AM, Fluo-4 AM, Indo-1 AM. This
procedure enables the homogeneous staining of hundred of cells present in a brain region with
a diameter of approximately 300 pum (Stosiek et al., 2003). Due to its minimal invasive
protocol, it is suited for real-time analysis of intact neuronal circuits with the resolution of
single cells. For example, Gobel et al. reported recently the development of a new three-
dimensional (3D) scanning technology for two-photon microscopy that allowed fast
fluorescent measurements from several hundred cells distributed in 3D space and MCBL-
loaded with the Ca?* indicator Oregon Green 488 BAPTA-1 AM (Gébel et al., 2007). In the
mammalian brain, MCBL was successfully applied to stain in vivo cortical cells in mouse
(Stosiek et al., 2003; Nimmerjahn et al., 2004; Garaschuk et al., 2006a; Garaschuk et al.,
2006b; Sohya et al., 2007;), rat (Nimmerjahn et al., 2004; Kerr et al., 2005; Ohki et al., 2005;
Gobel et al., 2007), and cat (Ohki et al., 2005; Ohki et al., 2006), as well as cerebellar neurons
(Sullivan et al., 2005).

Another approach for in vivo Ca** imaging from populations of cortical cells is
represented by the topical application of the Ca®* indicator Fluo-4 AM on the exposed surface
of the brain with its subsequent diffusion into the cortex. By this method only glial cells are
stained in vivo (Hirase et al., 2004; Takano et al., 2007), the investigation possibility being
restricted only to the study of cortical astrocytic networks.

The latest reported method for loading of individual neurons and small neuronal
networks in vivo with Ca** indicators is local electroporation (Nagayama et al., 2007; Nevian
and Helmchen, 2007). Electroporation is based on the application of electric pulses that
briefly disrupt the cell membrane and create pores that allow charged indicator molecules to
enter inside the cells. This procedure enables Ca** imaging at neuronal population level and it
also has an exquisite subcellular resolution down to dendritic spines and axonal boutons

(Nagayama et al., 2007).
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1.1.3.1.2. The Genetically Encoded Fluorescent Calcium Indicator
Proteins (FCIPs)

The genetically encoded fluorescent Ca®* indicator proteins (FCIPs) have been
constructed by fusing fluorescent proteins to functional Ca** sensor proteins that are normally
involved in physiological Ca?* signaling. The probes are introduced into an intact organism
by gene transfer techniques. The development of FCIPs followed two distinct strategies
(Garaschuk et al., 2007; Griesbeck, 2004; Kotlikoff, 2007).

The first approach for engineering FCIPs was pioneered by the development of the
so-called ‘cameleons’ (Miyawaki et al., 1997; Miyawaki et al., 1999), and was based on
fluorescence resonance energy transfer (FRET) occurring between two different mutants of
the green fluorescence protein (GFP). FRET is a quantum-mechanical phenomenon that
occurs between a fluorescence donor and a fluorescence acceptor that are in molecular
proximity of each other (<80 A apart). The transfer of energy or FRET occurs from the
excited state of the donor fluorophore to the ground state of the neighboring acceptor
fluorophore. In order for FRET to take place the acceptor must absorb light at roughly the
same wavelengths as the donor emits (Tsien, 2000; Zhang et al., 2002). In cameleons, the
Ca®* sensor protein calmodulin (CaM) and the calmodulin binding peptide M13 from myosin
light chain kinase are sandwiched between cyan fluorescent protein (CFP) and yellow
fluorescent protein (YFP) as donor and acceptor proteins. Binding of Ca®* to CaM initiates an
intramolecular interaction between CaM and M13 domains causing CaM to wrap around the
M13. Thus the donor (CFP) and acceptor (YFP) fluorophores are brought together and the
energy transfer between the two fluorescent proteins is enhanced. Therefore, cameleons react
to increases in the intracellular Ca?* concentration with increases in their FRET response. The
readout of FRET, and subsequently of changes in intracellular Ca®* concentration, is the ratio
of acceptor to donor fluorescence. Because they allow emission ratioing, and hence, are less
susceptible to movement artifacts, the FRET based indicators are well suited for in vivo Ca**
imaging.

The second approach was to create single-fluorophore-based, non-ratiometric Ca?*
indicators (for detailed reviews about single-fluorophore Ca®* indicators consult (Zhang et al.,
2002; Kotlikoff, 2007). They exploited the property of GFP and its mutants to remain
fluorescent despite a variety of circular permutations (in which the amino and carboxyl
portions are interchanged and rejoined with a short spacer connecting the original termini) and

insertions of foreign proteins at certain locations within the GFP (Baird et al., 1999). For
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example, insertion of CaM within a yellow mutant (enhanced yellow fluorescent protein,
EYFP) of GFP resulted in an indicator protein (named camgarool) whose fluorescence could
be enhanced several fold upon Ca?* binding and could be used to monitor cytosolic Ca** in
single mammalian cells (Baird et al., 1999). Similar CaM and M13 grafts into circularly
permuted GFPs yielded Ca®* indicators known as pericams (Nagai et al., 2001) or GCaMPs
(Nakai et al., 2001).

When transgenically expressed in organisms, the genetically encoded fluorescent
Ca®" indicators should avoid interfering with the biochemistry of the host cell and, likewise,
the indicators should not be modified by the biochemical machinery of the host cell, so that
they can report reliably. Most of the FCIPs rely on CaM as Ca®* binding moiety. On the other
side, CaM is an ubiquitous signaling protein that is highly regulated on many levels and
activates numerous Ca**-dependent responses within cells (Griesbeck, 2004). These
interferences could be responsible for the deficiencies of the CaM-based FCIPs when they
were expressed in the central nervous system of transgenic animals, such as reduced dynamic
range or lack of Ca®* sensitivity (Nagai et al., 2004). This CaM-related impediment was
overcome by the generation of a new family of ratiometric, FRET-based Ca®* biosensors,
which replaced CaM with variants of Troponin C, the specialized Ca®* sensor protein from
skeletal and cardiac muscle (Heim and Griesbeck, 2004; Mank et al., 2006; Heim et al.,
2007). The only known function of Troponin C is to regulate muscle contraction. Therefore,
Troponin C-based sensors have the potential to interfere minimally with the host cell
biochemistry and to be more suited for transgenic expression in model organisms (Garaschuk
et al., 2007).

The first successful attempt that allowed monitoring FCIP-mediated Ca** signals in
the central nervous system of mammals in vivo was carried out by Hasan et al. (Hasan et al.,
2004). They produced stable transgenic mouse lines with two different functional Ca®*
indicators, namely inverse pericam and camgaroo-2, under the control of the tetracycline-
inducible promoter. FCIP-positive cells included, beside hippocampal and neocortical
pyramidal cells, the main olfactory receptor neurons, the granule cells and a few mitral cells
in the olfactory bulb. FCIP-mediated Ca®* signals could be reliable detected in the olfactory
bulb in vivo, allowing to construct maps of afferent glomerular activity. Each odor evoked a
unique activity map, and odors known to evoke similar maps of glomerular afferent activity
produced analog activity patterns in the transgenic mice (Hasan et al., 2004).

Another study that described functional in vivo Ca** measurements based on FCIPs

in transgenic mice was reported by Diez-Garcia et al. (Diez-Garcia et al., 2007). The authors
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generated transgenic mice expressing the single-fluorophore-based indicator protein GCaMP2
in cerebellar granule cells under the control of Kv3.1 potassium channel promoter (Diez-
Garcia et al., 2005). This allowed imaging of parallel fiber activity transcranially in vivo. Ca®*
transients were induced by direct electrical stimulation in the molecular layer and could be
measured from beams of parallel fibers through the skull of living mice. Thus, the potential of
FCIPs for imaging activity from populations of neurons in living animals was confirmed.
Nevertheless, in these studies FCIPs were used for large-scale mapping of electrically- and
sensory-driven neuronal activity in vivo, but they could not report functional Ca*
measurements at single cell or subcellular resolution.

Significant progress in this direction was achieved by the generation of a novel
transgenic mouse line, constitutively expressing a Troponin C-based Ca”* indicator, CerTN-
L15 (Heim et al., 2007). The sensor protein had an increased brightness and was based on the
FRET signals between the donor protein Cerulean and the acceptor protein Citrine (Fig. 3). It
was exclusively expressed under the Thy-1 promoter in neurons in many major areas of the
central nervous system. The onset of CerTN-L15 expression was around birth and remained
stable for up to 11 months, the longest time point tested. CerTN-L15 enabled not only the in
vivo visualization of individual layer 2/3 cortical neurons, their dendrites and dendritic spines,
but it also allowed in vivo measurements of glutamate-evoked Ca?* transients in somata and

dendrites (results also presented in the Section 4.1.1.4. of this thesis).

432nm 476nm

Figure 3: Troponin C-based Ca’* sensor proteins.

Schematic representation of the FRET-based mechanism of sensor function. Troponin C is
sandwiched between the donor protein (CFP or Cerulean) and the acceptor protein (Citrine). Upon
Ca”* binding, the molecule undergoes a conformational change that brings the donor and the acceptor
proteins closer, thus enhancing FRET between the two fluorophores.

(taken from Garaschuk et al., 2007)
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In comparison to SMCIs, the use of FCIPs for in vivo monitoring of neuronal
function presents several advantages (Miyawaki, 2005; Kndpfel et al., 2006), which include
(1) targeted-expression to cell types or subcellular organelles of interest, (ii) ‘sparse’ labeling
that provides imaging contrast necessary to study Ca®* signals in dendrites and spines, (iii) the
possibility for emission ratioing, being less susceptible to movements artifacts. Nevertheless,
SMClIs are still superior to FCIPs when Ca®* sensitivity, dynamic range or response dynamics
of the indicator are considered (Garaschuk et al., 2007).

In conclusion, the recent advances achieved in designing fluorescent Ca** indicators,
paralleled by the technical development of two-photon fluorescent microscopy, significantly
enlarged the resources for in vivo brain imaging. On one side the use of SMCls enabled (i) in
vivo visualization of single cells and their processes down to a millimeter below the brain
surface (Theer et al., 2003), (ii) in vivo recordings from subcellular compartments like
dendrites of pyramidal neurons (Svoboda et al., 1997), (iii) two- and three-dimensional
imaging of cortical network activity with single-cell resolution (Stosiek et al., 2003;
Garaschuk et al., 2006a; Gobel et al., 2007), (iv) recordings from unanesthetized, behaving
animals (Adelsberger et al., 2005). In addition, FCIPs facilitated specific neuronal labeling
that was expressed throughout the entire lifetime of the animals, and the possibility of in vivo

Ca®" imaging with single-cell and even subcellular resolution (Heim et al., 2007).
1.2. The Mouse Visual System

Over the past years, the visual system of the mouse has gained increased attention for
the neurophysiologists due to the development of transgenic mouse technology (Hibener,
2003), the mouse being currently the only mammal in which manipulations of specific genes
are performed routinely. Gene technology allows assessing the involvement of specific genes
and proteins in the function, development and plasticity of the visual system. It was also
shown that the cells in the mouse visual cortex exhibit the presence of all the major functional
properties that have been described in higher mammals, such as cats or monkeys. Taken
together, these aspects render the mouse visual system a valuable model system for studies

that aim to understand the mechanisms governing visual perception and integration.
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1.2.1 Architecture of the Mouse Visual System

In the visual system, the main pathway leading from the retina (which contains the
photoreceptors) to the cortex (where visual information is perceived and processed) is
arranged in a relatively straightforward fashion and it has been intensively studied both
anatomically and physiologically. Visual information is transmitted from the retina to the
dorsal lateral geniculate nucleus (dALGN) of the thalamus and from here to the primary visual
cortex (also called striate cortex, area 17 or V1) in the occipital lobe. Outside the striate cortex
there exists also a set of visually responsive regions, generally termed extrastriate areas.
Another target of the retinal input is the superior colliculus.

Fig. 4 illustrates schematically the mouse visual system. The eyes are laterally
positioned in mice, and hence, the binocular field of vision is relatively small, being larger in
the upper than in the lower half of the visual field (Drager, 1975). Only the central 30-40° of
the upper portion of each visual hemifield is seen by the retinas of both eyes (Wagor et al.,
1980; Gordon and Stryker, 1996). The axons of the ganglion cells leave the retina and form
the optic nerves that join at the optic chiasm. In mouse, about 90% of the ganglion cells axons
decussate at the optic chiasm and proceed into the contralateral optic tract, while the
remaining axons continue in the ipsilateral tract. The visual system of the mouse is thus,
essentially crossed (Valverde, 1968).

Retinal ganglion cell axons from the two eyes project into distinct eye-specific
regions in dLGN (Godement et al., 1984; Hibener, 2003; Jaubert-Miazza et al., 2005). The
eye-specific regions emerge from an initially overlapping distribution of ipsilateral and
contralateral projecting retinal ganglion cell axons that last during the first postnatal week
(Godement et al., 1984). These initially diffuse retinal projections retract and segregate to
form eye-specific regions, process which is completed by the time of natural eye-opening at
postnatal day 12-14 (P12-14) (Jaubert-Miazza et al., 2005). From the dLGN the fibers of the
optic radiation proceed rostralward to bend immediately dorsalward entering the internal
capsule and continuing dorsomedially in the white matter to end massively in layer 4 or

lamina granularis of the primary visual cortex of the mouse (Valverde, 1968).
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Figure 4: Scheme of the mouse visual system.

The extent of the visual field seen by both retinas of the mouse comprises the central 30-40°. The retinal
ganglion cells from the most temporal region of each retina (marked with light red and green colors) project
their axons to a small eye-specific region of the dLGN on the same hemisphere. The majority of retinal
ganglion cell axons (approximately 90%) cross to the other hemisphere at the optic chiasm and project to the
contralateral dLGN. The geniculocortical afferents carrying information from both eyes project to the lateral
one third of the primary visual cortex in the binocular zone.

taken from (Hubener, 2003)

The mouse primary visual cortex contains a complete and continuous retinotopic
map of the visual field. The retinotopic map is arranged such that the upper visual field is
projected posterior, while the nasal part is mapped onto the lateral border of the primary
visual cortex (Dréger, 1975; Schuett et al., 2002). Geniculocortical projections carrying
information from both eyes converge in the lateral one third of the primary visual cortex
(Drager, 1975) in the ‘binocular zone’. In this region the majority of neurons (around 70%)
usually respond to inputs from both eyes, but overall there is a strong dominance of the
contralateral eye, only 5% of the cells being exclusively driven by the ipsilateral eye (Drager,
1975; Metin et al., 1988; Gordon and Stryker, 1996). By transneuronal labeling it was showed
that in mice the bulk of the geniculocortical projections is confined to the primary visual

cortex and it does not invade the surrounding extrastriate areas (Antonini et al., 1999).
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1.2.2 Functional Properties of Neurons in the Mouse Visual Cortex

The functional analysis of the neurons in the mouse primary visual cortex revealed
that they possess all of the major receptive field properties described previously in higher
mammals such as cats (Hubel and Wiesel, 1959, 1962) or monkeys (Hubel and Wiesel, 1968).
Electrophysiological investigations (Drager, 1975; Mangini and Pearlman, 1980; Metin et al.,
1988) showed that many neurons are orientation selective (around 40% of the total sampled
cells), i.e. they respond best to stimuli (bars) presented at a particular orientation within the
cell’s receptive field. A fraction of the oriented cells show also direction selectivity,
responding stronger to a bar (or spot) moving in one direction perpendicular to the preferred
orientation (Dréger, 1975; Metin et al., 1988). The cells with oriented receptive fields were
recorded mostly in the upper part of cortical layer 2/3, while direction selectivity was a
property equally widespread in the supra- and infragranular layers, but less common in layer 4
(Metin et al., 1988). For the non-oriented cells different criteria and classifications were used,
and therefore they do not represent a homogenous group.

It was also shown that the mouse brain is able to undergo plastic changes similar to
those of higher mammals. One of the most used manipulations to induce cortical plasticity is
monocular deprivation, during which a single eye is sutured and closed and the other eye
remains open. After few days of monocular deprivation there is an increase in the number of
individual neurons in the primary visual cortex that respond preferentially to the open eye in
comparison to the number of neurons that respond to the deprived eye (Wiesel and Hubel,
1963). These readjustments occur during a relatively short time window in early postnatal life
called critical period. In mice monocular deprivation results also in a shift of the ocular
dominance distribution of cortical neurons located in the binocular zone, that is strongest at
P28 (Gordon and Stryker, 1996). These physiological changes are followed also by
anatomical rearrangements that consist in growth arrest of the geniculocortical afferents from
the closed eye and expansion of the ones belonging to the open eye (Antonini et al., 1999).
Recent studies on transgenic mice have provided strong evidence that the beginning of the
critical period for monocular deprivation is triggered as soon as the inhibitory circuits in the
visual cortex are mature enough to provide a certain level of inhibition (Hensch, 2005).

Besides the similarity, there are also differences between cat or monkey and mouse
neurons in the primary visual cortex. One of those is the difference in the receptive field size.
The average receptive field diameter for the mouse is around 14° (Metin et al., 1988), in

contrast to around one degree in the cat and below one degree in the macaque. In addition,
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many cells in the mouse visual cortex can be activated by stimuli placed anywhere in a region
half the size of one hemifield (Hibener, 2003). In higher mammals, such as cats (Hubel and
Wiesel, 1962) or monkeys (Hubel and Wiesel, 1968, 1969), a characteristic of the functional
architecture of the visual cortex is that cells are organized in columns extending vertically
from surface to the white matter. These columns are based on the response properties of the
cells, like orientation preference or ocular dominance. In mice, neither anatomical studies
based on transneuronal labeling after tracer injections into the eye (Antonini et al., 1999), nor
functional studies like optical imaging of intrinsic signals (Schuett et al., 2002) were able to
detect such structures in the mouse visual cortex. Nevertheless, the appearance of some
cellular clustering has been remarked, both for orientation selective cells, as well as for ocular
dominance (Dréger, 1975; Metin et al., 1988).

1.2.3. Patterns of Neuronal Activity and their Roles in the Developing

Visual System

One of the most intriguing issues in the development of the visual system is the role
and balance between innate, genetic factors (nature) and adaptation to early experience
(nurture) in the establishment of the neuronal circuits. Most of the activity-dependent
hypothesis of circuits formation have been based on Hebb’s postulate which states that
synapses are strengthened when pre- and post-synaptic cells are simultaneously active
(“Neurons that fire together wire together”). Hebb’s postulate has been expanded to include
the converse: asynchronously active synapses are weakened and eventually eliminated
(Torborg and Feller, 2005). Models based on Hebb’s postulate predict that activity plays an
“instructive role”, meaning that the information required to drive the refinement of neuronal
circuits is contained in the activity patterns (Torborg and Feller, 2005). In this context, one
area of investigation has concentrated on the role of correlated, synchronous neuronal activity,
patterned either by intrinsic mechanisms or by early sensory experience, for neuronal circuit

formation and refinement.
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1.2.3.1. Patterns and Importance of Spontaneous Activity for the

Visual System Development

In the visual system, several features of visual cortical functional architecture, such
as orientation tuning and ocular dominance columns are present even before any visual
experience has occurred (Chapman and Stryker, 1993; Chapman et al., 1996; Horton and
Hocking, 1996; Chapman et al., 1999; Weliky, 1999). It has been proposed that internally
generated spontaneous correlated activity, a hallmark of the developing neural networks
(Ben-Ari, 2001), may replace sensory-evoked activity in the initial steps of cortical circuits
formation and maturation during the early stages of development (Katz and Shatz, 1996;
McCormick, 1999; Sur et al., 1999; Weliky, 1999, 2000). Therefore, a lot of effort has been
invested in characterizing the spatio-temporal patterns and the role of neuronal spontaneous
activity within the different levels of the developing visual pathway.

One well-described example of how endogenous activity can shape circuits
organization in the early stages of the visual system development is represented by the
spontaneously generated waves of activity present in the immature, light-insensitive
mammalian retina (for review see Wong, 1999; Torborg and Feller, 2005). Several weeks
before eye-opening and even before maturation of the photoreceptors, retinal ganglion cells
(RGCs) spontaneously fire periodic bursts of action potentials, which were first observed in
vivo in the fetal rat retina (Galli and Maffei, 1988; Maffei and Galli-Resta, 1990). The
synchronous bursts last a few seconds and are separated by 1 to 2 minutes of silence (Meister
et al., 1991). Simultaneous recordings in vitro from large populations of RGCs and amacrine
cells (Meister et al., 1991; Wong et al., 1993; Wong et al., 1995) revealed that these bursts are
correlated among neighboring cells. They generate waves sweeping across restricted retinal
domains of activity (Feller et al., 1996). The domain boundaries alter with time, which
implies that there are no pacemaker regions and that all regions can participate equally (Feller
etal., 1996).

Intriguingly, the fine structure of waves and their underlying mechanisms alter with
maturation. In mice retinal waves develop through three distinct stages, as assessed by Ca®*
imaging (Bansal et al., 2000). First, between embryonic day 16 and birth, large propagating
waves sensitive to nicotinic acethylcholine receptor (nNAChR) antagonists were detected
together with nonpropagated, nAchR-independent, Ca®* oscillations displayed by small
clusters of cells. Second, between PO and P11, only large propagating waves that were

abolished by toxins specific to a3 and B2 subunit-containing nAchR were detected. Third,
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between P11 and P14, the propagating activity was abolished by ionotropic glutamate
receptor antagonists.

Retinal waves exist only during a specific period of development and in mice it has
been demonstrated that they begin to break down shortly after eye opening, around P15. By
P21 waves have already disappeared (Demas et al., 2003). They are present throughout the
period during which the RGC axon terminals are refined both according to eye preference and
topographic position within their target structures. Modulations of retinal waves during the
first postnatal week result in alteration of retinal projections to their subcortical targets,
suggesting an instructive role for the correlated retinal activity in the development of
retinogeniculate connectivity. Using an in vitro preparation in which the mouse visual system
from the retina to the dLGN remained intact, Mooney et al. demonstrated that spontaneous
retinal activity is transmitted via the optic nerve to the dLGN, where it drives bursts of
activity (Mooney et al., 1996). Furthermore, mice lacking the B2 subunit of the nAchR (B2
mice) have no retinal waves (Bansal et al., 2000), but have maintained uncorrelated firing of
individual retinal ganglion cells (McLaughlin et al., 2003) for the first postnatal week. In
these mice retinogeniculate axons fail to segregate into the normal eye-specific areas in the
dLGN (Rossi et al., 2001; Muir-Robinson et al., 2002). The correlated spontaneous retinal
waves are also necessary for retinotopic map refinement in the superior colliculus
(McLaughlin et al., 2003; Chandrasekaran et al., 2005; Mrsic-Flogel et al., 2005). Also the
higher relays in the visual pathway, the thalamocortical connections, are affected when the
waves of spontaneous activity in the retina are disrupted genetically or pharmacologically
during the first postnatal week (Cang et al., 2005). Using optical imaging and microelectrode
recording, Cang et al. demonstrated that in the P27 mice the anatomical mapping of
geniculocortical projections is imprecise and cortical retinotopic maps are functionally
defective.

These findings raised the question if retinal waves are transmitted to and trigger
activity in the developing visual cortex. Using simultaneous recordings from the rat retina and
visual cortex during the first postnatal week in vivo, Hanganu et al. found that spontaneous
retinal bursts are correlated with bursts in the contralateral visual cortex (Hanganu et al.,
2006). However, blocking propagation of retinal activity or removing the retina only reduced
the frequency, but did not completely eliminate the cortical bursts. Experiments using mono-
and binocular enucleation during early ferret development also suggest that retinal input may
not be needed for the initial establishment of ocular dominance columns (Crowley and Katz,

1999, 2000). Hence, the eventual patterns of spontaneous activity that underlie the
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development of visual cortical functional architecture may differ from those predicted only by
retinal activity alone (Weliky and Katz, 1999).

In parallel to the “bottom-up” type of retinal activity influences on the developing of
the higher stations in the visual system, there is also growing evidence that suggests that “top-
down” cortical influences are crucial in regulating the spontaneous activity in the thalamus
and the organization of visual cortical functional architecture. For example, multielectrode
recordings in the developing dLGN of ferrets in vivo demonstrated that prior to eye opening,
synchronous bursts of action potentials are produced within all dLGN layers. By consecutive
removal of the ipsilateral visual cortex and of the retinal drive, it was proved that the cortico-
thalamic feedback is required for the generation of the correlated activity between the
different eye-specific dLGN layers and for sustaining the intrinsic synchronized dLGN
oscillatory activity in vivo (Weliky, 1999; Weliky and Katz, 1999). Moreover, silencing
cortical activity with tetrodotoxin infusion (i) alters the pattern and precision of the
geniculcortical projections (Catalano and Shatz, 1998), (ii) blocks the normal development of
orientation selective responses (Chapman and Stryker, 1993) or (iii) the development of
horizontal connections between cells with similar preferred orientation (Ruthazer and Stryker,
1996) in the visual cortex.

In comparison to the wealth of data regarding the retinal activity, little is known
about the in vivo patterns of spontaneous activity at early and late developmental ages and
their roles in the developing visual cortex. The majority of data concerning the activity in the
neonatal cortex were provided by in vitro studies. Different patterns of correlated activity
have been described, either by using electrical or optical recordings with Ca** sensitive
indicators: (i) “neuronal domains” (Yuste et al, 1992; Yuste et al., 1995; Kandler and Katz,
1995, 1998), (ii) “early network oscillations”, ENOs (Garaschuk et al., 2000), (iii) carbachol-
induced slow calcium waves (Peinado, 2000) and beta network oscillations (Dupont et al.,
2006). The mechanisms underlying these spontaneous cortical activities are significantly
distinct, and include: (i) activation of metabotropic glutamate receptors followed by inositol
triphosphate (IPs)-dependent Ca* release from intracellular stores and communication via
gap junctions (Yuste et al., 1992; Yuste et al., 1995; Kandler and Katz, 1995, 1998), (ii)
synaptic transmission through activation of glutamatergic receptors and excitatory
GABAergic mechanisms (Garaschuk et al., 2000), (iii), Ca** influx during electrical activity
(Corlew et al., 2004), (iv) developmental switch from a subplate-driven, gap-junction coupled
synchronized oscillatory activity to a synaptic network acting through NMDA receptors

(Dupont et al., 2006). The complexity of neocortical in vitro patterns is probably explained by
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the diversity of experimental conditions and by age and region differences. Hence, the
following question arises: do any of these in vitro patterns of endogenous activity in the
maturating neocortex resemble the in vivo patterns?

In vivo Ca?* imaging in non-anesthetized mice pups (P3-P4) showed spontaneous,
periodically recurring cortical Ca®* waves that reflect the correlated activity of thousands of
neurons (Adelsberger et al., 2005). These Ca”* waves were strongly reminiscent of the ENOs
described previously in cortical slices from newborn rats and mice (Garaschuk et al., 2000).
This form of spontaneous cortical activity was detected in rodents at embryonic day 16
(Corlew et al., 2004) and persisted approximately until the end of the first postnatal week,
during the period at which GABAergic transmission is depolarizing (Garaschuk et al., 2000).
The surgical separation of the cortex from the thalamus in slice recordings did not alter the
Ca®" waves significantly, indicating that they result from intrinsic cortical activity. Ca®* waves
were expressed primarily during sleep-like resting states and vanished or became inhibited
during the animal’s movement or under anesthesia (Adelsberger et al., 2005).

Later in development, the adult neocortex is characterized by slow recurring (0.2-0.5
Hz) oscillations composed of a depolarized state (Up) and a hyperpolarized state (Down)
(Steriade et al., 1993). These Up-Down fluctuations were observed spontaneously during
anesthesia (Steriade et al., 1993; Lampl et al., 1999; Petersen et al., 2003; Kerr et al., 2005),
sleep (Steriade and Timofeev, 2003), and quiet wakefulness (Petersen et al., 2003). Analysis
of the spiking activity during the spontaneous Up state revealed that spiking is sparse and
heterogeneously distributed across neuronal populations (Margrie et al., 2002; Petersen et al.,
2003; Kerr et al., 2005). After eye-opening, the spontaneous cortical activity was proved to
have an essential role for the integration of stimulus-evoked sensory information through
various mechanisms (Anderson et al., 2000; Kenet et al., 2003), including the action of Up-
Down states on neuronal firing probability (Petersen et al., 2003; Hasenstaub et al., 2007).
However, when or through which mechanisms the early synchronized activity detected at
earlier stages of development in the neocortex changes into the sparse activity at the later

stages is not known.

1.2.3.2. Early Patterned Visual Experience and the Development of

Visual System

Until recently, in the studies of the developing mammalian visual system, visual

experience before eye-opening was not usually thought to have any developmental
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significance. Nevertheless, responses through the naturally closed lids could pattern neural
activity in the visual system and thus provide developmentally relevant information which is
used in the refinement of connections (Akerman et al., 2002). Some indications that light
might pass through the lids and stimulate the visual system before eye-opening in kittens were
provided by Huttenlocher already since 1966 (Huttenlocher, 1966, 1967). Recent studies have
also shown that in ferrets, as early as two weeks before eye-opening (ferrets open their eyes
around P32), visual stimuli presented through the closed eyelids can drive neuronal activity in
dLGN and striate cortex (Krug et al., 2001; Akerman et al., 2002). Subsequently, Akermann
et al. addressed the developmental significance of this source of activity for the ferret
retinogeniculate pathway. The terminals of RGCs that respond to increases in light intensities
(“On”) and those that respond to decreases in light (“Off”) are initially intermixed in the ferret
dLGN and segregate during development. Rearing ferrets in the dark in the period before eye-
opening altered the normal segregation of On and Off retinal inputs in the retinogeniculate
pathway (Akerman et al., 2002). This study demonstrated that visual experience through
closed eyelids is important for the normal development of functional connections.

Visually evoked activity is not found in the cortical neurons in the immediate
neonatal period, P4 for kittens (Huttenlocher, 1966, 1967) and P19 for ferrets (Akerman et al.,
2002) being the earliest age at which visual responses have been recorded. It may be that
visual experience is less involved in the initial formation of neuronal circuits in the visual
system, for which the most significant might be the spontaneous activity, but plays an
important role in the subsequent refinement and/or consolidation of them. This culminates
with the critical period, phase during which fast and strong adaptive changes of neuronal
circuits happen in response to imbalanced binocular input caused by transient lid closure of
one eye (Wiesel and Hubel, 1963). Thus, whereas spontaneous activity and perhaps genetic
factors play a role in the establishment of the system, visual experience appears necessary for

the subsequent phase of its maintenance and stability (Yuste and Sur, 1999).
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Chapter 2
Aim of the Study

As presented in the introductory chapter, Ca®* signaling plays a major role in the
physiology of the central nervous system, fact that generated an intensive effort for designing
new Ca" indicators and methods to label neural cells with these indicators. The mechanisms
of cellular Ca** dynamics were mostly studied in vitro using cell cultures or brain slices. Very
little data is available at the moment regarding the mechanisms of Ca* signaling in brain in
vivo. A significant progress for Ca** imaging in living animals was achieved by the technical
development of two-photon laser scanning fluorescence microscopy, which enabled imaging
deep into brain tissue. By using TPLSFM in combination with loading of brain cells with
small molecule Ca* indicators, in vivo recordings of Ca** signals from individual neurons and
ensembles of neuronal networks were made possible. However, the specific contribution of
the different classes of neuronal cells to the network Ca®* activity, or the in vivo Ca*
dynamics in dendrites, the place of synaptic transmission in which Ca?* plays a crucial role,
are still far from being elucidated. The genetically encoded fluorescent Ca®* indicator proteins
have the potential to be targeted to specific cell types and/or subcellular organelles of interest,
and therefore, seem to represent ideal tools to address these issues.

On the other hand, appropriate model systems for in vivo Ca?* imaging in the brain
have to be designed. Such a system has to match and be relevant for the real system
represented by the human brain. In this respect rodent system represents a valuable model
system, since it shares many basic biological functions with the human brain. Their gene
sequence (encoding the functional proteins) shows remarkable similarities with humans.
Mouse availability for transgenic technology allows investigations of the involvement of
specific genes and proteins in the function, development and plasticity of the brain. One of the

most used models to investigate brain development and plasticity is the visual system. It was
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also shown that the cells in the mouse visual cortex exhibit the presence of all the major
functional properties that have been described in higher mammals, such as cats or monkeys.
The study presented in this thesis focuses on two major issues: first, the search for
improvements of the methodology for in vivo two-photon Ca®* imaging and second, their
application in the analysis of the development of the mouse visual cortex. The following
specific questions were address in this thesis:
Which additional techniques could be combined with in vivo functional Ca®* imaging
to be able to identify the cellular types one records the Ca** signals from?
e Is there a new type of genetically encoded fluorescent Ca** biosensor better suited than
the usual anorganic Ca®* indicators to perform in vivo Ca®* recordings from

subcellular structures, like for example, from dendrites?

Which are the patterns of in vivo Ca®*-based spontaneous activity in the mouse visual
cortex, both at neuronal network and single cell level, during the time when the
neuronal circuits are established?

e  Which are the mechanisms underlying the spontaneous activity?

e Do the patterns of the spontaneous activity change during development and if so, by
which mechanism?

e Which is the first time point when the cortical neurons become responsible to visual

stimulation and how are these responses reshaped by the subsequent incoming visual

information?
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Chapter 3
Methods

3.1. Animals

All experiments were carried out according to institutional animal welfare guidelines
and were approved by the government of Bavaria, Germany. Balb/c mice of either sex were
used, aged between postnatal day 7 (P7) and one year old provided either by Charles-River
company (Sulzfeld, Germany) or by the breeding facility of the Technical University Munich.
Mice were reared with 12 hours light/dark cycle. In 5 experiments mice were kept in a dark
room from birth until postnatal day 22-28 when experiments were performed. The transgenic
mice expressing Thy 1-CerTN-L15 were between 2 to 5 months old and were generated in the
group of Oliver Griesbeck in Max Planck Institute for Neurobiology in Martinsried, Germany.
Two months old transgenic mice expressing enhanced green fluorescent protein (EGFP) in the
somatostatin-positive  GABAergic interneurons were provided by Jackson Laboratories
(Maine, USA).

3.2. Anesthesia

All experiments were carried out on anesthetized animals. Mice were anesthetized by
inhalation of isoflurane (Abbot, Wiesbaden, Germany) at concentrations between 1 to 1.5%
(vol/vol) in pure oxygen. The delivery of the anesthetic and the regulation of its concentration
were performed with the help of a vaporizer specially designed for volatile anesthetic agents
and by a flow meter. For the duration of anesthesia the physiological status of the animal was
continuously monitored. It is known from the literature that under sedation and anesthesia,

body temperature drops abruptly and hypothermia may cause shock and death. Mice have a
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rather high surface area to body weight ratios and rapid metabolism, so they lose body heat
rapidly (Flecknell, 2000). This is particularly important in young animals. Therefore, after
inducing the anesthesia in a closed pre-anesthesia chamber, mice were placed onto a warming
blanket (38°C) in front of a mask through which the mixture of anesthetic and oxygen was
provided. Animals were supplied with warmed saline solution (subcutaneously or
intraperitoneal) to support the cardio-vascular function and to prevent dehydration. In small
rodents, the fluid loss during surgical procedure has to be compensated at a rate of 10-15 ml
kg™ body weight (Flecknell, 2000), which for a 20 g mouse would equal 0.2-0.3 ml.

Anesthesia level was controlled by sensors from an anesthesia-monitoring system
that were affixed to the animal. Equipment for small laboratory animals provided by ADI
Instruments was used. Body temperature, respiratory and cardiac rate and rhythm, and blood
pressure were monitored continuously. Additional care was taken that the color of animals’
mucous membranes was kept pink. If any sign of too deep anesthesia appeared (decrease in
the respiration or pulse rate and abnormal rhythm, white or cyanotic membranes) the level of
the anesthetic was immediately adjusted.

During the surgical preparation and staining procedure animals were kept in a
surgical depth of anesthesia resulting in lack of reflexes (righting reflex, pedal or paw pinch
withdrawal, eyelid reflexes) and respiration rate of 80-100 per minute. During the recording
sessions mice were anesthetized by low doses of isoflurane (0.8-1%), in order to minimize the

influence of anesthetic on cortical activity.

3.3. Surgical Procedure

All experiments were performed in the visual cortex. Location of this brain area was
identified following the stereotactic coordinates (Bregma -3- -4 mm, 2-3 mm lateral to the
midline for P18 to one year old mice) described by Paxinos and Franklin (Paxinos and
Franklin, 2001) and the architecture of the blood vessels (Antonini et al., 1999). In younger
animals, the position of the primary visual cortex (0-1 mm anterior to the lambdoid suture,
1.5-3 mm lateral to the midline) was identified according to the Golgi atlas of the postnatal
mouse brain (Valverde, 1998).

The eyes of the animals were protected by application of Isopto-Max creme (Alcon
Pharma, Freiburg, Germany). Approximately 15 min after subcutaneous injection of
approximately 50-100 ul local anesthetic (2% lidocaine) under the scalp and at surgical level

of anesthesia, the skin and muscles above the visual cortex were gently removed with fine
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scissors. Also the soft tissue attached to the skull was removed with fine forceps. The exposed
skull was then dried with air, thinned under the control of a dissecting microscope by using
stainless still drill bits and polished with a felt polisher (Dr. Ihde Dental, Munich, Germany).
The thinned area was circular and had typically a diameter of 1-1.5 mm. The skull was
thinned as gently as possible, without pressing onto it, since harsh, inaccurate thinning could
cause brain damage. Drilling was carried out intermittently and in the drillings brakes the
skull was covered with cold artificial cerebrospinal fluid (ACSF) solution to prevent heat-
induced tissue injury. Over-thinning of the skull was avoided, because it can produce cortical
injury, most likely due to deformation of the skull under the pressure of the drill and to
overheating of the skull and cortical tissue. In adult mice some bleeding from bony canaliculi
(Grutzendler and Gan, 2005) could arise during the thinning process. This bleeding usually
stopped spontaneously or soon after the skull surface was washed with cold ACSF. Thinning
stopped as soon as the bone bended when it was gently touched with tweezers. Imaging
through thinned skull provides optimal results when the skull is thinned down to a thickness
of about 10-20 pm.

A recording chamber with a diameter of 35 mm and a central access opening,
custom-made from a standard tissue-culture dish (See Fig. 5B), was then glued on the skull of
the animal using cyanoacryl glue (UHU, Buhl-Baden, Germany) (Garaschuk et al., 2006a).
The mouse was transferred into the recording setup equipped with a two-photon laser-
scanning microscope and placed onto a warming blanket (38°C). The sensors of the
anesthesia-monitoring system were affixed to the mouse to ensure that physiological levels of
monitored parameters are maintained. The use of the recording chamber had two advantages:
it enabled head fixation and the use of water-immersion objectives through perfusion with a
warm (37°C) ACSF (containing: 125 mM NaCl, 4.5 mM KCI, 26 mM NaHCOg3, 1.25 mM
NaH;PO4, 2 mM CaCl,, 1 mM MgCl, 20 mM glucose, pH 7.4, when bubbled with 95% O,
and 5% CO,). The rate of the ACSF perfusion was approximately 5 ml/min.

A small craniotomy was performed under visual control (10 or 20x objectives
magnification) using fine needles (0.3 mm diameter, 12 mm length). The craniotomy was
made above an area devoid of large blood vessels and it was small (under 0.5 mm) for
imaging through the skull and larger (or two small craniotomies were performed near each
other) if ‘open-access’ imaging was intended. In the case of imaging through the thinned
skull, the stability of the preparation is higher because of the lower impact of heart beat and
breathing artifacts. Nevertheless, the efficiency of photon detection is better when the skull

above the imaging field is removed, producing crisper images and greater imaging depth.
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A very important concern during executing the craniotomy was not to damage and
remove the dura mater. Its removal was not required for cell staining and it strongly enhanced
the breath- and heartbeat- related movement artifacts. Stability of the recordings also critically
depended on the diameter of the craniotomy. Thus, openings larger than 1 mm in diameter
were often accompanied by large movement artifacts. Furthermore, the regions with a high
density of blood vessels and experiments in very young animals (P8-P15) produced
recordings with high-frequency vibrations of cells. In these cases, the recording conditions
were improved to a certain degree by covering the skull opening with 2% low melting point
agarose (e.g., 20 mg in 1 ml standard ACSF; Invitrogen GmbH, Karlsruhe, Germany) which,
when hardened, reduced the cardiac and respiratory pulsations. The craniotomy was used for
in vivo loading of large populations of cortical cells with a small molecule fluorescent Ca?*

indicator dye and/or for imaging.

3.4. In Vivo Loading of Cortical Cells with Small Molecule

Fluorescent Calcium Indicator Dyes

Cortical cells were loaded with the membrane-permeant acetoxymethyl (AM) esters
of the fluorescent Ca®* indicator dyes Oregon Green 488 BAPTA-1 AM, OG-1 AM
(Molecular Probes, Eugene, Oregon, USA) and Fura-PE3 AM (TefLabs, Austin, Texas,
USA). The AM esters were dissolved in a solution containing 20% Pluronic F-127 in
dimethylsulfoxid, DMSO (e.g., 2 g Pluronic F-127 in 10 ml DMSO; Sigma-Aldrich,
Steinheim, Germany) to yield a dye concentration of 10 mM. This solution was subsequently
diluted 1/10 to 1/100 in standard pipette solution (containing 150 mM NaCl, 2.5 mM KClI,
and 10 mM HEPES) to prepare the staining solution with a final concentration of the Ca®*
indicator dye of 0.1-1 mM. The standard pipette solution is a simplified Ca**-free ACSF
solution used to minimize precipitation of the Ca®* indicator dye. Staining solution was
filtered through a Millipore filter with a pore diameter of 0.45 um, in order to avoid clogging
of the micropipette used for dye delivery to the cells.

Fig. 5 illustrates the basic approach used for in vivo loading of cell populations with
fluorescent Ca”* indicator dyes. The followed protocols were described in (Stosiek et al.,
2003) and (Garaschuk et al., 2006a). A staining micropipette was pulled from a borosilicate
glass capillary (Hilgenberg GmbH, Malsfeld, Germany) using a pipette puller (PP830 from
Narishige, Japan). Pipette resistance was 6-9 MQ (when filled with standard pipette solution).

Pipette was filled with the staining solution and inserted into the cortex using a LN-Mini
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manipulator (Luigs & Neumann GmbH, Ratingen, Germany) under an angle of 30-40°.
Pipette was advanced along its axis until it reached the desired depth, approximately 150-200
pm below the cortical surface. A pressure pulse (2x1 min, 70 kPa) was applied to the pipette
using a pressure-application device, either Picospritzer Il (General Valve, Fairfield NJ, USA)
or a pneumatic drug-ejection system (NPl Electronic GmbH, Tamm, Germany).
Approximately 400 femtoliters of the dye-containing solution (Stosiek et al., 2003) was
ejected into the cortical tissue during the pressure application. Afterwards the pipette was
removed coaxially from the brain. The release of the Ca** indicator dye into the brain was
confirmed by briefly imaging the place of its delivery. The presence of a fluorescence cloud
indicated that dye was ejected from the pipette. If no fluorescence could be detected in the

cortical tissue, the staining procedure was repeated.
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Figure 5: Schematic representation of the experimental procedure.

(A) The skin above the cortical area to be imaged is removed and a custom-made recording chamber is glued on
the skull. The chamber is perfused with warmed (37°C) ACSF. One small craniotomy is made for insertion of
the micropipette containing the staining solution. The micropipette is advanced into the brain and a small
amount of staining solution is pressure-ejected into the tissue, yielding a stained cortical area (shown in green)
with a diameter of 200-400 um. A two-photon laser-scanning microscope is used for imaging, which is
performed either through the thinned skull or through a second small craniotomy to improve the depth and
quality of the recordings. (B) Photograph of the custom-made recording chamber showing its diameter and
cross-section. The inside opening of the chamber has a diameter of 3.5 mm and its surrounding circular region
is thinned to fit the bend of the animal’s skull.

The time needed to reach a stable fluorescence level within the cortical cells loaded
with the Ca®* indicator was 30-60 min. This protocol yielded an almost spherical stained brain
area with a diameter of 200-400 um (Stosiek et al., 2003) and (Garaschuk et al., 2006b). Note
that all cells in the preparation (Fig. 6A) were stained with the Ca®* indicator. The only dark
areas corresponded to blood vessels, which could be easily identified when focusing through

the tissue. If the cells were not or only poorly loaded, two scenarios were probable: either the



38 | Methods

tissue was intact, but the dye delivery failed, or the tissue was damaged (Fig. 6B). The
possible reasons for the tissue damage could be the following: inaccurate thinning of the skull,
damaging large blood vessels while performing the craniotomy and/or the longevity of the

dissection time (therefore in our final protocol we restricted it to less than 2 hours.

Intact tissue Damaged tissue
A Layer 1

Layer 2/3

Figure 6: Evaluation of the staining quality.

(A, B) Micrographs showing MCBL-loaded cells in layer 1 (upper panels) and layer 2/3 (lower panels) from 2
different stained regions in a P64 mouse. Both areas were stained following the same procedure. In (A) cells are
clearly visible, while in (B) the tissue is damaged due to the injury of a large brain vessel while performing the
craniotomy.

To distinguish between neuronal cells and astrocytes the protocol developed by
(Nimmerjahn et al., 2004), who established sulforhodamine 101 (SR101) as an astrocyte-
specific marker, was used. To allow application of both dyes (OGB-1 and S101) from the
same application pipette the protocol was modified as follows: 1 mg of SR101 was diluted in
4 ml standard pipette solution and used further to dilute the concentrated solution containing
10 mM Ca®* indicator dye; the combined staining mixture was then injected into the cortex
according to the usual procedure. This application resulted in a good loading of neurons and
glia cells with the Ca®* indicator, and also in specific staining of astrocytes with SR101 within

the same brain region.
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3.5. In Vivo Two-Photon Calcium Imaging

For in vivo two-photon measurements a custom-built, two-photon laser-scanning
microscope based on a mode-locked Ti:sapphire laser system (Mai Tai, Spectra Physics,
Mountain View, CA) was used. The laser system generates the excitation light with a pulse
width of 100 femtoseconds, wavelength ranging between 710- 920 nm, and repetition rates of
80 MHz. The laser-scanning system (Olympus Fluoview, Tokyo, Japan) was coupled to an
upright microscope (either BX51W1 or BX61W!I, Olympus, Tokyo, Japan) and equipped with
one of the following water-immersion objectives: x10, 0.3 numerical aperture (NA); x20, 0.5
NA; both from Olympus (Tokyo, Japan), x60, 1.0 NA from Nikon (Tokyo, Japan), and x40,
0.8 NA and x63, 0.9 NA from Leica (Bensheim, Germany). The average power of the
excitation light under the objective was approximately 50-70 mW. The excitation power was
reduced to the minimum when the high resolution objectives (x40 and x60) were focused
onto the brain surface. In order to avoid dye bleaching, the excitation power was carefully
raised as the objective was lowered to inspect the upper cortical layers. The following
structures became clearly visible: large epithelial cells on the surface of the cortex; cortical
layer 1 cells from the surface down to the depth of 100-200 um, depending on the age of the
animal (Fig. 6A, upper panel); and cortical layer 2/3 cells (Fig. 6A, lower panel).

Data acquisition was performed using a Fluoview 300 software from Olympus
(Tokyo, Japan). Data was sampled with different frequencies, depending on the aim of the
experiment: the high resolution images were taken with a frame rate of 1 Hz, the time lapse
Ca®" measurements of spontaneous activity were taken with a frame rate of 5-10 Hz, while the
light-evoked Ca”* transients were sampled at 200 Hz using the line-scan mode (in which the
image that builds up is made by scanning the same line from a region of the sample at
successive points in time).

The wavelength of the excitation light was chosen depending on the Ca* indicator
used and the excitation spectrum of EGFP and SR101. Excitation light of 800 nm was used
for the visualization of cortical cells loaded with the Ca?* indicator dyes OG-1 AM and Fura-
PE3 AM. SR101 emits fluorescence light at wavelengths between 550-750 nm, which are
significantly longer than those of common Ca?* indicators. Thus, in the double staining
experiments with OG-1 AM and SR101, the emitted light was splited at 575 nm using a
dichroic mirror and two photomultipliers. The fluorescence resulting from OG-1 AM was
directed to the green channel and the one deriving from sulforhodamine 101 to the red

channel. For imaging the CerTN-L15 fluorescence, the biosensor was excited either at 860 or
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at 890 nm. For ratiometric measurements of FRET between Citrine and Cerulean the emitted
fluorescence light was split at 515 nm. In the experiments with transgenic mice expressing
EGFP-labeled somatostatin-positive GABAergic interneurons both OG-1 AM and EGFP were

excited at 900 nm and the emitted fluorescence was split at 515 nm.

3.6. In Vivo Application of Pharmacological Substances

The craniotomy was used not only for loading and imaging the cells, but also for
drug delivery to the cortical region under study. Two techniques were used: (i) local
application of drugs directly to the cells of interest by inserting an iontophoresis or a pressure-
application pipette, procedure similar to the insertion of the staining pipette and (ii) bath
application by adding the drugs to the preheated ACSF, used to perfuse the recording
chamber. The latter method is similar to the bath application of drugs in conventional brain
slice experiments (Garaschuk et al., 2006b).

The following substances were used as described in the results section: (i) the sodium
channel blocker tetrodotoxin (TTX, Calbiochem, Schwalbach, Germany); (ii) the a-amino-3-
hydroxyl-5-methyl-4-isoxazole-propionat (AMPA) receptor antagonist 6-Cyano-7-
nitroguinoxaline-2,3-dione  (CNQX); (iii) the  N-methyl-D-aspartat (NMDA) receptor
antagonists: D-2-amino-5-phosphonovaleric acid (APV), (E)-(x)-2-Amino-4-methyl-5-
phosphono-3-pentenoic acid (CGP 37849, Tocris, Northpoint, Avonmouth, UK), (+)-5-
methyl-10,11-dihydro-5H-dibenzo-[a,d]cyclohepten-5,10-imine hydrogen maleate (MK-801);
(iv) N-Methyl-D-aspartic acid (NMDA); (v) (-)-the y-aminobutyric acid type A receptor
(GABA,) antagonists bicuculline methobromide (Axxora, Lorrach, Germany) and gabazine
(SR 95531); and (vi) glutamate. Unless otherwise indicated, all chemicals were purchased
from Sigma-Aldrich (Steinheim, Germany).

The following drugs were delivered by bath application: TTX (1-2 pM), CNQX
(50uM) together with APV (50-100uM), APV alone (50-100uM), CGP (25-50uM) and MK-
801 (100-150uM). Under in vivo conditions the small craniotomy was sufficiently large to
allow an effective access of drugs to the cortical parenchyma. The water-soluble drugs (e.g.
APV or TTX) produced their effect very soon after they were present in the recording
chamber, and, therefore, within time frames comparable to those observed in slices. However,
to achieve in vivo drug effects similar to those observed in slices, a two- to threefold increase

in the concentration of the drug was required (Garaschuk et al., 2006b).
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For the local application, either a MVVCS-C-01 iontophoresis system, or a pressure
drug-ejection system (PDES-02D) were used, both from NPI, Electronic, Tamm, Germany. In
some of these experiments, 12.5-500 uM of the red, cell-impermeant, fluorescent dye Alexa
594 hydrazide sodium salt (Alexa 594) (Molecular Probes, Eugene, Oregon, USA) was added
to the drug-containing solution that was filled into the application pipette. Addition of Alexa
594 allowed visualization of the pipette and improved the precision of the pipette positioning.

TTX (2.5-5uM) was delivered by low pressure application. The following agents
were ejected iontophoretically: CNQX (1mM), APV (10-25mM), bicuculline (20mM),
NMDA (10mM), gabazine (500uM), and glutamate (100mM). In all solutions pH was
adjusted to 7.4 with the help of a buffer (HEPES). Retaining currents of 8-15 pA were used to
delay drug leakage from the pipette. APV, CNQX and glutamate were ejected with negative
currents of -1nA. In the case of bicuculline and gabazine the retain current was higher and
negative, -40 to -100 pA and the drugs were often applied just by switching off the retain
current. In a few remaining cases when switching off the retain current was ineffective, small
ejecting currents (+40 to +60 pA) were applied to release the drug into the tissue. This
application method was chosen in order to avoid triggering seizures by ejecting a too large
amount of the GABAA receptor antagonists. In each particular experiment the application

duration that elicited an unambiguous effect of the drug was used.

3.7. Visual Stimulation

In all experiments recordings were done in a dark adapted state. A photo-diode was
used as light source, and it was mounted on an adjustable support in front of the mouse’s eye.
The visual stimuli consisted of 100 ms long light flashes produced by the photo-diode which
was placed at a distance of about 35-40 cm and at an angle of 35-50° laterally from the eye of
the mouse (see Fig. 34A). For recording of the light-evoked Ca®" transients, the stimulus was
presented to the same cells in series of 10-20 trials, and afterward the procedure was repeated
with other selected cells within the same experiment. These series were generally acquired
between separate blocks of spontaneous activity recordings. In very young animals (P7-P10)
the visual responses could not be elicited with the photo-diode placed at the normal distance
and therefore it had to be positioned very close (approximately 5 cm) in front of the mouse’s

eye.
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3.8. ldentification of the Recording Position and Data Analysis

To document the exact position of the recorded regions, at the end of the experiments
mice were sacrificed, the brains were removed and coronal slices were cut. Images of the
brains and slices were obtained using CCD cameras, either Orca-ER (Hamamatsu Photonics,
Herrsching, Germany) or pixelfly (PCO, Kelheim, Germany) mounted on a microscope (IX70
and MV X10, Olympus, Tokyo, Japan). Fluorescent images were acquired using a fluoresceine
filter set and overlaid with the transmitted light images (Fig. 7). The location of the recorded
cortical area was then identified using the relation between the fluorescent spot and the other
identified anatomical structures on the slices described in the mouse brain atlas of Paxinos
and Franklin (Paxinos and Franklin, 2001).

Figure 7: Macroscopic view of the stained cortical region.

Whole brain (A) and slice (B, C-higher magnification) photographs of the stained region taken after the brain of
a P16 mouse was removed and sliced at the end of the experiment. The fluorescence images are overlaid with
the transmitted light images as green false color images, and therefore the green spots indicate the stained
region in the visual cortex of the mouse.

Image analyses were done off-line with a LABVIEW-based custom-made software
package (National Instruments, Austin, Texas, USA), ImageJ (http://rsb.info.nih.gov/ij/) and
Igor Pro (Wavemetrics, Lake Oswego, Oregon, USA) software. The neuronal Ca** transients
were measured by drawing regions of interest (ROIs) that included cell soma. The baseline
fluorescence was calculated from a region of interest drawn within a blood vessel and was
subsequently subtracted. Throughout the analyses data are presented as the relative change in
fluorescence over time as AF/F=(Fo-F;)/Fo. For the ratiometric measurements of FRET
between Citrine and Cerulean results are given as the relative change in the ratio of Citrine/
Cerulean fluorescence (AR/R). A Ca** transient was identified as an event if its amplitude was
larger than 3 times standard deviation (S.D.) of the baseline fluorescence noise. For
calculating the decay time constant, the decaying portion of the Ca?* transient was fitted with

a mono-exponential function using Igor Pro. The decay time constant of the Alexa 594-



43 | Methods

induced fluorescence transient was measured in a similar way, but in this case a double-
exponential function was used.

In the experiments where local drug applications were carried out, the time window
and the localization of the drug effect were calculated based on the Alexa 594-induced
fluorescence transient. Alexa 594 is cell-impermeant, so it was assumed that both the applied
agent and Alexa 594 would be similarly washed out from the tissue by the microcirculation.
The Alexa 594 transient was measured by drawing a ROI on the extracellular space situated
near the application pipette. Duration of the drug effect was then measured between the
moment of drug application (the beginning of Alexa 594 transient) and the time point when
the Alexa 594 transient decreased to 95% of its maximal amplitude. In the cases of
bicuculline and gabazine applications, their effect was quantified within the time window in
which the Alexa 594 transient was higher than 70% of its maximal amplitude. Values are

given as mean % standard error of mean (S.E.M.).
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Chapter 4

Results

4.1. Improvements of the Methodology for In Vivo Two-Photon

Calcium Imaging in the Mammalian Brain

4.1.1. Progress in Imaging Neuronal Networks In Vivo Using Small

Molecule Calcium Indicators

In vivo recordings of network Ca?* activity from populations of cortical cells loaded
with small molecule fluorescent Ca®* indicators were made possible due to the technique first
described by Stosiek et al. (Stosiek et al., 2003) and termed multi-cell bolus loading (MCBL).
To understand the mechanisms underlying MCBL first this process was characterized in more
detail. Cells located in the mouse visual cortex were bulk-loaded with small molecule
fluorescent Ca** indicators using MCBL and imaged in vivo with two-photon laser scanning
microscopy. MCBL is based on the pressure-injection of a concentrated (1 mM) solution
containing the membrane-permeant, AM form of the fluorescent Ca** indicator dye into a
brain region of interest. Fig. 8A illustrates the MCBL staining procedure in the visual cortex
of a P14 mouse using a solution of Fura PE3, a Ca** indicator dye which is fluorescent also in
the AM form. The left panel on Fig. 8A shows an image of the cortical region only one
minute after the dye was ejected into the tissue. Immediately after dye delivery, the
fluorescent dye molecules are located diffusely in the extracellular space. Subsequently, the
molecules of the AM form of the indicator dye passively diffuse across the cellular
membranes and become incorporated intracellularly. There the AM esters are cleaved by the

intracellular esterases and the Ca®" indicator loses its lipophility, remaining trapped inside the
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cells. As a result, within few minutes cells start to accumulate the dye and become brighter,
while the dye becomes gradually removed from the extracellular space, which becomes

dimmer (Fig. 8A, middle and right panel).

A

1 min after dye injection

B Red channel: (Alexa Fluor 594)

Merged

10.1 AF/F 10.1 AF/F
tau1=29s
tau2=16.4s
Alexa 594 10s Alexa 594 5s

Figure 8: Kinetics of the MCBL staining and removal of the extracellular dye molecules by the
vascular system.

(A) Images taken in vivo in layer 2/3 of a mouse visual cortex at different times (1, 5, and 20 min) after the
bolus-injection of the fluorescent Ca** indicator dye Fura PE3 AM. Note that just after injection the dye
molecules are predominantly located in the extracellular space. At the later time points, they gradually
disappear from the extracellular space and the cells become brighter. (B) Consecutive images acquired in vivo
before (1), during (2), and after (3) a 500 ms long iontophoretic application of the cell-impermeant dye Alexa
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594 (upper panels). Merged images on the lower panels show no overlapping between the extracellular
fluorescence caused by Alexa 594 application (red) and the cortical neurons loaded with OG-1 AM (green). (C)
Time course of the Alexa 594-induced fluorescence transient. The numbers on the trace correspond to the time
points at which the images in (B) were taken. (D) Three Alexa 594-induced fluorescence transients recorded in
different experiments, covering the entire range of kinetics observed.

The process of dye removal from the extracellular space results also from the
clearing of the extracellular space by the vascular system. To estimate the kinetics of this
clearing process, the membrane-impermeant fluorescent dye Alexa 594 was locally ejected
into the mouse cortex by iontophoresis and its removal from the extracellular space was
monitored with the use of two-photon imaging (Fig. 8B). As shown on Fig. 8B, Alexa is
briefly present in the extracellular space immediately after the application (Fig. 8B, middle
panel) and within few seconds it is rapidly removed. The Alexa 594-induced fluorescence
transient had a double exponential time course, with the mean decay time constants of 2.3+0.1
s and 13.3+0.7 s (n=33 events), respectively (Fig. 8C and D).

In conclusion, the in vivo conditions, in which microcirculation is preserved, provide
the basis for an efficient and rapid removal of the fluorescent Ca** indicator molecules from
the extracellular space. This removal process teams up with the intracellular dye accumulation
to produce a good contrast between the stained cells and the surrounding tissue in the MCBL

loading technique.

4.1.1.1. Cell Loading Using a Low Concentration of the Calcium

Indicator Solution

Initially, the MCBL technique used 1mM solution of a fluorescent Ca®* dye inside
the application pipette (Stosiek et al., 2003). As detailed in the Methods section, the
acetoxymethyl esters of the Ca** indicator dyes are dissolved in DMSO, a detergent, and
therefore the final staining solution contained also 10% DMSO (vol/vol). Although the
staining solution is quickly diluted within the brain and similar and/or higher DMSO
concentrations were regularly used also by other groups (Hirase et al., 2004; Wong, 2000),
there still remained the question regarding the putative negative influence of the detergent on
the neuronal function.

To investigate the influence of DMSO and dye concentrations on the quality of the
staining and on the dynamics of somatic Ca®* transients, ten times lower concentrations of the
Ca®" indicator were tested. The MCBL procedure yielded staining of the very good quality
also with 100 uM OG-1 AM and 1% DMSO (vol/vol)-containing pipette solution (Fig. 9A
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and B). Nevertheless, the staining with a diluted solution was less reproducible and required

increased care for performing the preparation.
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Figure 9: MCBL using a low concentration of the indicator dye.

(A, B) High-magnification images of layer 2/3 individual neurons acquired in the visual cortex from two
different mice, aged P16 and P18, respectively. In each animal two separate areas were stained with OG-1 AM
at different concentrations, either 100 uM (left panels) or 1 mM (right panels). (C) Normalized histograms
showing the distribution of decay-time constants of spontaneously occurring Ca?* transients in the neurons
stained with ImM (black) and 100uM (red) of OG-1 AM. (D) Bar graphs presenting the mean values of the
respective decay time constants.

Interestingly, the time courses of the spontaneous cellular Ca** transients were not
considerably changed by the use of lower concentration dye (Fig. 9C and D). When both
concentrated and diluted staining solutions were used in the same experiment, the average
decay time constants were 0.81+0.04 s (n=123 events) in cells stained with 100uM OG-1 AM
and 1.10 x0.08 s (n=88 events) in cells stained with ImM OG-1 AM. These findings
suggested furthermore that the intracellular dye concentrations obtained using staining
solutions containing either 100 uM OG-1 AM, or 1mM OG-1 AM were comparable
(approximately 20 uM (Stosiek et al., 2003)).
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4.1.1.2. In Vivo Monitoring of Cellular Calcium Signals from New

Born to Aged Brain

MCBL method was successfully used to stain cortical tissue at virtually all the
developmental stages in which it was tested. Fig. 10 shows examples of MCBL-based
staining of layer 2/3 in the visual cortex of mice at four different ages, ranging from new born
(P8, Fig. 10A), juvenile (P23, Fig.10B), adult (two-month old, Fig. 10C) until one year old
(Fig. 10D).

Newborn (P 8) Adult (two-month-old)

Figure 10: Staining and imaging of cortical tissue at various developmental stages.
High-magnification micrographs showing MCBL-loaded cells in layer 2/3 of the visual cortex at different ages
during development. In all experiments cells were stained with OG-1 AM.

In all ages tested, the quality of the staining yielded similarly good results, allowing
Ca®" imaging with single-cell resolution deep within the tissue (up to 300-400 pum under the
brain surface), and recording of spontaneous and sensory evoked Ca®" transients from
individual cells. The maximal depth at which individual cells could be clearly identified
depended on the shape and density of the cells, and the density of the blood vessels in the
imaged region. Because the cell density in very young mice is higher, the depth below the
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cortical surface at which single cells could be resolved was slightly decreased. Additionally,
the preparation requirements differed depending on the age of the animals. In new born and
young mice (P7-P12) the thickness of the skull was very small and supplementary attention
should be paid not to damage the brain when the recording chamber was attached to the skull.
Conversely, in old mice longer drilling was necessary because their increased skull thickness,
that necessitated multiple brakes to avoid overheating of the skull and subsequent cortical
tissue injury.

Thus, MCBL technique can be applied in vivo for studying the functional properties

of neuronal networks with single-cell resolution at all desired developmental stages.
4.1.1.3. Multicolor Imaging for Identification of Different Cell Types

The MCBL procedure is not cell type specific. It provides a relatively homogeneous
loading of virtually all cells in the target brain region, although glia cells have the tendency to
accumulate higher concentration of the indicator dye, and therefore appear somewhat brighter
than neurons. In order to differentiate between the various cellular types present in the stained
area additional markers (for example, cell-type specific expression of green fluorescent
protein, GFP) and simultaneous recordings of these different indicators (multicolour imaging)
were required.

To separate neurons from glia cells a specific astroglial marker, sulforhodamine 101
(S101), can be used (Nimmerjahn et al., 2004). Upon excitation S101 emits light in the red
portion of the spectrum, at wavelengths between 550-750 nm (Garaschuk et al., 2006a), which
are significantly longer than those of the common Ca?* indicators (OG-1 AM; Fura PE3).
Therefore the emission of S101 and OG-1 AM, can be easily separated using a corresponding
dichroic mirror.

The double staining method described by Nimmerjahn et al.(2004) was modified in
order to accelerate the loading procedure. The two indicators dyes were combined as
described in the Methods section and co-ejected into the brain from the same pipette, resulting
in a simultaneous labeling of the cells with S101 and OG-1 AM. When this protocol was
applied to stain the visual cortex of the mouse in layer 2/3, astrocytes were double loaded,
with S101 and OG-1 AM, and they appeared yellow on the merged image, while neurons
stained only with OG-1 AM appeared green (Fig. 11A).
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Oregon Green BAPTA-1 AM Green fluorescent protein

Figure 11: Double staining and multicolour imaging of specific cell types.
(A) Images of MCBL-loaded cells in layer 2/3 of mouse visual cortex stained simultaneously with a dye mixture
containing OG-1 AM and the astroglial marker sulforhodamine 101. The fluorescence resulting from OG-1 AM
is directed to the green channel (left) and the one from sulforhodamine 101 to the red channel (middle). On the
merged image (right) the neurons appear in green and astrocytes in yellow. (B) Images of cortical layer 2/3 cells
stained with OG-1 AM (left) in a transgenic mouse in which the somatostatin-positive GABAergic interneurons
were labeled with the enhanced green fluorescent protein (EGFP) (middle). The merged image (right) shows all
cells in green and the EGFP-positive interneuron in blue. Mouse age was P30 in (A) and P57 in (B).

Alternatively, cells of the specific subtype were recognized using mutant mice
expressing a genetically encoded indicator, like, for example, the enhanced green fluorescent
protein (EGFP). In Fig. 11B MCBL was applied in the visual cortex of transgenic mice
expressing EGFP-labeled somatostatin-positive GABAergic interneurons. In this preparation,
all cells were bolus loaded with OG-1 AM, while the presence of GABAergic interneurons
was documented based on the EGFP labeling. Both OG-1 AM and EGFP were excited at 900
nm and the emitted light was split with a dichroic mirror at 515 nm and recorded in two
separated channels. Fig. 11B shows an image taken from the layer 2/3 of the mouse visual
cortex where one EGFP-positive interneuron (blue) was identified from the other surrounding
cells stained with OG-1 AM (green).

Thus, in combination with other techniques which specifically label a certain cell
type, MCBL loading is a very valuable tool to study cell-type specific morphological and

functional properties of cortical cells.
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4.1.2. In Vivo Imaging Using Genetically Encoded Fluorescent

Calcium Indicator Proteins

Beside the small molecule Ca?* indicators, genetically encoded fluorescent calcium
indicator proteins (FCIPs) are another class of Ca** biosensors used for studying Ca?*
dynamics in living cells. Recently, a new transgenic mouse line expressing a FRET
(fluorescence resonance energy transfer)-based Ca** biosensor was developed (Heim et al.,
2007). The biosensor used troponin C (TnC), the Ca?* sensor protein in skeletal and cardiac
muscle (Heim and Griesbeck, 2004; Mank et al., 2006), as the Ca®*-binding moiety. To
increase the brightness of the sensor the donor cyan fluorescent protein was replaced by
Cerulean and the common folding mutations V163A and S175G were introduced into the
acceptor protein Citrine to enhance the folding and brightness. The resulting sensor was
termed CerTN-L15. To generate transgenic mice, CerTN-L15 was expressed under the
control of the neuron-specific Thy-1 promoter, and subsequently it was present in neurons of
many brain regions, including neocortical and hippocampal pyramidal cells (Heim et al.,
2007). Here the analysis of the biosensor’s cortical expression pattern and its in vivo Ca”*

signaling properties are presented.

4.1.2.1. In Vivo Two-Photon Imaging of CerTN-L15 Transgenic

Mouse

Two-photon imaging of the layer 2/3 in the visual cortex of CerTN-L15 transgenic
mouse (Fig. 12A) revealed a characteristic pattern of the cellular fluorescence signals. The
fluorescence of CerTN-L15 was confined to ring-like structures with the diameter of 10-15
pm (most probably cell somata) and highly-fluorescent bright spots (dendrites) 1-2 pm in
diameter (Fig. 12A and Fig. 13B, middle panel, some of the bright spots are marked with
asterisks). In addition, the images contained non-fluorescent areas. Some of these non-
fluorescent areas were blood vessels surrounded by astrocytic processes (arrowheads on Fig.
12A), as was shown by complementary staining with astrocyte-specific fluorescent marker
sulfornodamine 101 (Nimmerjahn et al., 2004). The others (arrows on Fig. 12A) were most
probably somata of cells which did not express CerTN-L15. There was no overlap between
fluorescence of CerTN-L15 and that of S101 (Fig. 12A, B) confirming that CerTN-L15 was

expressed exclusively in neurons.
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Figure 12: In vivo expression pattern of CerTn-L15 in the mouse cortex.

(A, B) Micrographs taken in vivo in the visual cortex of two Thy 1-CerTn-L15 transgenic mice at different
depths below the cortical surface. Images on the right show the selective neuronal expression of the biosensor in
layer 2/3 individual neurons (A), in dendrites and in the dendritic spines of layer 1 (B), proved by
counterstaining with the astroglia-selective marker sulforhodamine 101. Fluorescence of Cerulean and Citrine is
directed to the green channel (left panels) and fluorescence of sulforhodamine 101 to the red channel (panels in
the middle). The merged pictures (right panels) demonstrate no overlap between sulforhodamine-positive
astroglial cells and CerTn-L15 fluorescence. Arrowheads indicate blood vessels surrounded by glial processes,
arrows point out neurons that do not express CerTn-L15, and asterisks outline CerTn-L15-positive dendritic
processes.

Secondary-tertiary spiny dendrites that were near and parallel to the cortical surface
were particularly well suited for imaging. As shown in Fig. 12B, in CerTN-L15 expressing
mice the concentration of the indicator dye within the dendrites and the dendrite-to-
background fluorescence ratio allowed the clear visualization of fine dendrites and their
spines. The double staining with S101 proved once again no overlapping between the CerTN-
L15 expression in the dendrites and S101 staining of astrocytes and their processes (Fig.
12B).

Three-dimensional reconstructions of image stacks showed that within individual

neurons the indicator was distributed homogeneously in the cytosol, with no signs of
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aggregation. It filled all neuronal processes, thus properly outlining the architecture of the
cells (Fig. 13). The sensor was excluded from the cell nucleus as expected for a protein with a
molecular weight of 69 kD (Talcott and Moore, 1999). This caused a ring-like appearance of
cell somata under in vivo conditions, where cells were usually viewed from above (Fig. 12A
and Fig. 13B, panel in the middle). The cytosolic localization of the sensor was confirmed by
analyzing its distribution inside the cells imaged at high resolution (120x magnification, Fig.
13B, upper and lower panels). The three-dimensional reconstructions of the in vivo obtained
images showed that the abundantly present bright dots (& 1-2 um, asterisks on Fig. 12A and
Fig. 13B) corresponded to brightly labeled apical dendrites of pyramidal neurons (Fig. 13A,
C).

A L B c o
X-Z Projection Y-Z Projection

Depth 100 pm

\
Depth 260 pm

Figure 13: Three dimensional reconstructions of a layer 2/3 pyramidal neuron and dendritic
processes expressing CerTN-L15.

(A-C) High-resolution images showing one pyramidal neuron in cortical layer 2/3 and dendritic processes of
deeper cortical cells (left and right) expressing CerTN-L15 and reconstructed from a stack of images taken from
100 to 260 pum below the cortical surface (with 2 um steps). (B) Three selected sections (each taken at the depth
marked by respective number on the left and right) showing that CerTN-L15 is expressed in the cytosol, but not
in the nucleus. Asterisks indicate dendritic processes.
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4.1.2.2. In vivo Calcium Measurements from Cell Somata and Spiny

Dendrites in CerTN-L15 Transgenic Mouse

lontophoretic glutamate applications were performed to probe for the Ca** sensitivity
of CerTN-L15 in single neurons and their dendrites in vivo. The duration of the stimulation
pulses used to evoke somatic Ca®* transients was 100-300 ms. The resulting amplitudes
(AR/R) of the Ca*" transients were 63.7 + 5.1 %, n=11 events. The time courses of somatic
glutamate-evoked Ca®* transients were analyzed by measuring the decay time constant (Fig.
14B and C), which was on average 1.68 + 0.3 s (n=11 events) in vivo. These data yielded
similar results to the ones obtained with comparable protocols from the in vitro recordings,
however, the in vivo measurements had higher detection threshold (Heim et al., 2007). The
reduced detection sensitivity in vivo could partially be due to the less favorable viewing angle
for the somatic in vivo recordings. Indeed, cell somata appeared as ring-like structures when
viewed from above (in vivo, Fig. 12A, Fig. 13B panel in the middle) and more frequently as
filled circles when viewed from the side, as it was the case in the in vitro conditions (Heim et
al., 2007). Therefore, fewer pixels were available for somatic Ca?* measurements in vivo. In
addition, the sensitivity of the in vivo measurements was most probably compromised by light
scattering (Helmchen and Denk, 2005).
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Figure 14: CerTN-L15-dependent Ca*" measurements from somata and dendrites in vivo.

(A) High-magnification image of a spiny dendrite at 30 um below the cortical surface (upper panel). CerTN-
L15-based Ca®* transients calculated from the region of interest delineated in the upper panel in response to five
consecutive 40 ms long iontophoretic glutamate applications (lower panel). (B) Individual and average of 5
Ca’* transients recorded simultaneously in the soma (upper traces) and in a neighboring dendrite of another cell
(lower traces) evoked by 30 ms long iontophoretic glutamate applications. (C) Bar graphs presenting the mean
values of the decay time constants of somatic and dendritic glutamate-evoked Ca®* transients recorded in vivo.
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The initial processing of synaptic signals in cortical neurons is likely to take place in
spiny dendrites, in the immediate vicinity of synapses (Holthoff et al., 2004; Polsky et al.,
2004). Therefore, attempts to measure Ca?* signals in these structures were carried out.
CerTN-L15 provided discernable Ca®* signals from small dendritic segments (approx.
1x35um, Fig. 14A). Brief (30-50 ms) iontophoretic glutamate pulses evoked dendritic Ca®*
transients with mean amplitudes of 48.8 + 7 % (n=9 events) and decay time constants of 0.76
+ 0.07 s (Fig. 14B and C). Remarkably, the signal-to-noise ratio of the glutamate-evoked
dendritic Ca** signals was large enough to distinguish individual, nonaveraged Ca** transients
from the background noise (Fig. 14A, B).

The cellular expression pattern of CerTN-L15 Ca®* sensor with bright dendrites and
sensor-free nuclei renders this indicator particularly appropriate for dendritic recordings. On
the other hand, MCBL technique of in vivo cells labeling with small molecule Ca** indicators
provides good staining of cells somata, but not of dendrites. Taken together, these techniques
could complement each other and thus facilitate functional analyses of cortical networks

function in vivo.

4.2. Spontaneous Network Activity in the Developing Visual Cortex

4.2.1. Emergence of Spontaneous Calcium Waves at the Beginning of
the Second Postnatal Week

Taking advantage of the technical developments described in Section 4.1., the second
major aim of this thesis was to characterize the patterns and properties of the spontaneous and
flash-evoked activity in the mouse visual cortex in relation to the developmental stage. Our
motivation to do so rely on the fact that mouse visual cortex receives increasing attention due
to availability of transgenic animals. However, little is known about the development of
vision in mice and underlying cellular/ network mechanisms.

The spontaneous activity in layer 2/3 of the mouse visual cortex during development
was investigated in vivo using two-photon microscopy and the MCBL method for loading the
cortical cells with the membrane permeant Ca®* indicator OG-1 AM. Mice at different ages
were anesthetized with the volatile anesthetic Isoflurane, cells in the visual cortex were
stained with OG-1 AM (Fig. 15A), and measurements of the spontaneously occurring changes
in the intracellular Ca?* concentration within the loaded cells were performed. Fig. 15B shows
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stained cortical layer 2/3 cells located at about 130 pum under the cortical surface of a P9
mouse. Because the imaging procedure is minimally invasive, during recordings the
concentration of Isoflurane was maintained at the minimum level necessary to produce a
superficial state of the animal’s anesthesia, in order to avoid movements. This level was
reached with concentrations of about 0.5-1% in pure oxygen. The recording sessions
consisted of several imaging periods lasting between 90 to 300 sec. On average 20 to 60 cells
were recorded simultaneously. The animals tested were divided into several age groups as
shown in Table 1.

Under these experimental conditions repetitive, spontaneous wave-like Ca**
transients occurred globally throughout the whole recorded cortical region (Fig. 15B, C). The
Ca’?* waves were periodically recurrent at slow rates (0.5 waves/min in the example shown in
Fig. 15D at P9). The discovery of these spontaneous Ca®* waves was surprising in view of
earlier findings that, in neonates, early network oscillations-associated Ca®* changes

(Garaschuk et al., 2000) are suppressed by anesthetics (Adelsberger et al., 2005).
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Figure 15: Recording of slow spontaneous Ca** waves in the mouse visual cortex.

(A) A combined fluorescence/transmitted light micrograph of a 500 um thick coronal brain slice from a P 9
mouse taken after an in vivo experiment. The primary visual cortex stained in vivo with OG-1 AM is shown in
green. The position of the pipette used for staining the cells with OG-1 AM is shown schematically. The borders
of the visual (V) and auditory (Au) cortices are marked by filled arrowheads. Open arrows delineate the primary
visual cortex. (B) High-resolution image taken in vivo in layer 2/3 of the visual cortex where recordings in (C)
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were conducted. (C) Spontaneous Ca®* waves recorded from a large region of interest covering the whole area
shown in (B). (D) An autocorrelogram of the trace shown in (C). Note that the spontaneous Ca®* waves represent
an oscillation having at this age (P 9) a period of approximately 30 s.

Cortical layer 2/3 contains not only cell somata, but also cellular processes such as
neuronal dendrites, axons and glial processes which form the neuropil. MCBL loading
technique stained brightly the cell bodies (Fig. 15B) because of the abundant accumulation of
the fluorescent indicator into the cytoplasm. In addition, it also stained the neuropil, revealing
that various cellular compartments had also taken up the Ca?* indicator molecules. Neuropil
staining showed no distinguishable structures, most likely because all stained subcellular
structures had similar brightness. The Ca** waves were detected within the entire cortical
region, both in cells and in neuropil, as global network activation (Fig. 15B, C). To
investigate the contribution of the cellular and extracellular (neuropil) component to the
generation of Ca®* waves, the Ca®" signals deriving from each of these elements were
analyzed separately and the relation between them was examined (Fig. 16). This analysis
showed that the wave activity was present both in the neuropil (recorded from large regions of
interest devoid of cell somata (Fig. 16A)) and in the neurons (Fig. 16A, B). Remarkably, most
of the neurons participated in this spontaneous activity (75 £7 %, n= 3 experiments). This
dense activation of the vast majority of neurons is in striking contrast with to the results
obtained in the somatosensory and motor cortex of older mice, where a sparse activation

(10%) of layer 2/3 neurons is encountered (Kerr et al., 2005).
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Figure 16: Contribution of the cellular and neuropil components to the generation of the
spontaneous Ca’* waves in cortical layer 2/3.

(A) FIF, images illustrating the intracellular Ca®* levels before (upper) and on the peak (lower) of a spontaneous
Ca®* wave (the time points at which the images in (A) were taken are indicated by circled numbers in (B)). Each
image is the result of averaging 5 consecutive frames acquired with 7 Hz. (B) Ca?* transients, recorded during
the spontaneous Ca®* wave illustrated in (A), measured in the individual neurons, a glia cell and in the neuropil
(marked in (A) with corresponding numbers, asterisk and the letter N, respectively). Cell average trace (red) is
the mean of the Ca®* transients recorded in all 31 neurons present in the area shown in (A).

The involvement of glia cells in the spontaneous Ca®* waves was also investigated.
Glia cells could be easily identified due to their brighter staining and their specific
morphology with thick processes (Fig. 16), as well as by their positive reaction to the
sulforhodamine 101 staining (Fig. 11A, 17). When simultaneous measurements of Ca®*
signals in both astrocytes and neurons were conducted, it was evident that only neurons
produced fast Ca®* transients, synchronous with the Ca®" waves, while the astrocytes (n=9
cells) were not engaged in the wave activity (Fig. 16, 17). Previous studies (Hirase et al.,
2004; Nimmerjahn et al., 2004; Kerr et al., 2005) have shown that Ca®* signals in astrocytes
have long durations on the minute time scale and are thus markedly different from the fast

wave-associated Ca®* transients recorded in neurons.

10.2AF/F

Figure 17: Astrocytes do not participate in the neuronal Ca** waves.

(A) In vivo image acquired in layer 2/3 of the visual cortex in a P14 mouse showing neurons stained with OGB-
1 AM (green) and astrocytes stained both with OGB-1 AM and with S101 (yellow). Traces in (B) illustrate
spontaneous Ca”" transients measured in the cells marked with the corresponding numbers in the image.

A detailed developmental analysis revealed that the spontaneous Ca?* waves were
first detected at P8 (Fig. 18). At P7, the youngest age tested, only in 1 out of 5 experiments
performed Ca”*-dependent fluorescent changes reminiscent of the spontaneous Ca** waves
could be detected. They occurred with very low amplitude and extremely seldom during the

prolonged recording session, and therefore this experiment was not included in the final
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analysis. Between P8-P9 the Ca®* waves were detected with a higher probability. The earliest

age at which the spontaneous Ca?* waves were reliably detected was P10 (See Table 1).

Postnatal age Experiments in which Ca**
waves could be detected/total
number of experiments
performed
P7 1/5
P8 417
P9 37
P10 4/4
P11 5/5
P12-13 12/12
P14-15 6/6
P16-19 6/6
P20-29 10/10
P30-39 4/4
P48-65 6/6

Table 1: Number of experiments at each individual postnatal age in which the spontaneous Ca®* waves could
be recorded.
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Figure 18: Development of the slow spontaneous Ca** waves during the maturation of the

mouse visual cortex.
In vivo recordings of spontaneous Ca®* waves acquired from the cortical layer 2/3 at different ages during
development. The Ca?* waves were recorded at each age from a large region of interest (as shown in Fig. 15B).

At P8 the spontaneous Ca”* waves occurred at a low frequency (0.5 + 0.1 waves/min)
and high amplitude (38.4 + 4.5%). During the next developmental days, the frequency of the
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waves gradually increased, while the amplitude decreased (Fig. 18, 19). After the end of the
third postnatal week, the Ca** waves reached a delta range frequency of about 30 waves/min
(or 0.5 Hz). The delta Ca®* waves persisted at this frequency in adult mice.
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Figure 19: Developmental profile of the spontaneous Ca*" waves.
A graph illustrating frequencies (filled circles) and amplitudes (open squares) of the spontaneous Ca** waves at
different ages (n=4 animals, 3, 4, 5, 12, 6, 6, 10, 4, 6 from left to right).

During the first postnatal week the immature neocortical activity in vivo is
represented by the spontaneous early network oscillations-associated Ca®* changes
(Garaschuk et al., 2000). These are suppressed by anesthetics (Adelsberger et al., 2005) and
by the developmental transition of GABAergic transmission from excitatory to inhibitory
(around P7) (Garaschuk et al., 2000). The results presented here reveal a new type of slow
spontaneous Ca®* waves in the visual cortex that emerge at the beginning of the second
postnatal week and increase in frequency during later stages of development from a sub-delta
to a delta range of cortical wave activity (Buzsaki and Draguhn, 2004). Distinctive features of
the new Ca®* wave activity, as compared with the previously reported early network
oscillations, are the insensitivity to anesthetics, and the persistence after the switch of

GABAergic transmission from excitatory to inhibitory.
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4.2.2 Mechanisms Underlying the Spontaneous Calcium Waves

To understand the mechanisms underlying the generation of the spontaneous Ca?*
waves different pharmacological substances were applied in vivo to the cells of interest in two
different ways. In the so called “bath application” the drugs were added to the preheated
ACSF that perfused the recording chamber. Drugs diffused from the surface into the depth of
the cortical tissue through the craniotomy used to load the cells with the Ca®* indicator.
However, in the conditions of bath applied drugs it remained unclear, whether the primary site
of drug action was in layer 2/3 or whether it took place in the deeper cortical layers.
Therefore, alternatively, the drugs were applied by local application directly to the cells of
interest in cortical layer 2/3 by inserting a pipette through the craniotomy and releasing the
substance either iontophoretically or by pressure-application. Such local applications allowed
a better control of drug effect in the treated area, the effect being restricted only to the cells
situated in the close vicinity of the application pipette. The applied substances were
“visualized” by addition of the cell-impermeant, fluorescent dye Alexa 594 (Alexa 594, 12.5-
500 uM depending on the length of application) to the pipette solution. The presence of Alexa
594 helped to verify the onset, effectiveness and localization of drug application. Thus, in the
cells situated near the pipette and within the Alexa 594 cloud an unambiguous drug effect
could be observed (Fig. 20B, Fig. 22, Fig. 24B and Fig. 25). In all the pharmacology
experiments the drug effect was quantified as the mean blockade (expressed in percentage) of

the frequency of Ca®* transients measured in individual neurons per minute.

4.2.2.1 In Vivo Spontaneous Calcium Waves Require Firing of Action

Potentials

The spontaneous Ca** waves in layer 2/3 of the visual cortex were completely and
reversibly blocked by the voltage-gated Na’ channels blocker tetrodotoxin (TTX). TTX
produces a potent and specific blockade of the Na* channels responsible for action potential
(AP) generation. This effect was seen both by using bath (Fig. 20A, 1-2uM TTX, n=5
animals, P16-P22) and local pressure (Fig. 20B, 2.5-5uM TTX, n=6 animals, P16-P35)
applications.
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Figure 20: Somatic Ca”" signals depend upon firing of action potentials.
(A, B) Spontaneous Ca*" transients measured from seven individual layer 2/3 neurons (marked with
corresponding numbers in the upper panels) before (left), during (middle), and after (right) bath (A) and local
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pressure (B) applications of TTX. In (A) 2 uM TTX was used, while in (B) the pipette solution contained 5uM
TTX and 50 uM Alexa 594. In the merged image in (B) the fluorescence of OG-1 AM is directed to the green
channel, while fluorescence of Alexa 594 is directed to the red channel. Mouse age was P21 in (A) and P24 in

(B).

Bath application of TTX completely silenced the entire network. To confine the TTX
blockade to the imaged cells in cortical layer 2/3, TTX was also applied locally. The degree of
TTX blockade in these conditions reached 80.87+ 8.09% (Fig. 23). This value was inferior to
the one seen in bath application presumably due to the diffusion gradient of the drug which
prevented that the same drug concentration is reached in the vicinity of all cells in the imaged
region. The results achieved using both approaches showed that the generation of the
spontaneous Ca** waves in vivo depends on action potential firing. Similar results proving the
dependency upon AP firing in vivo were obtained in the rat somatosensory/motor cortex (Kerr
et al., 2005). By combining electrical recordings with Ca** imaging this and our own study
(Garaschuk et al., 2006b) showed that action potentials correlate with somatic Ca®* transients
in same cells and that the amplitude of the Ca?* transient is proportional with the number of
APs.

4.2.2.2 In Vivo Spontaneous Calcium Waves Require Glutamatergic

Synaptic Transmission

The spontaneous Ca?* waves detected in layer 2/3 neurons in the visual cortex were
also completely (98.86+1.12%, Fig. 23) and reversibly (Fig. 21, n=6 experiments, P16-P29)
blocked by a mixture of glutamate receptors antagonists CNQX (50uM) and APV (50-
100uM). This result indicates that the recruitment of layer 2/3 neurons into the spontaneous
Ca®* waves requires active synaptic glutamatergic transmission.

Another set of experiments was performed to investigate which glutamatergic
receptor-channels are involved in the Ca®* wave activity. The contribution of each subtype of
glutamate receptors (AMPA or NMDA receptor-channels) was investigated separately by

using specific antagonists.
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Figure 21: Spontaneous Ca*" waves require glutamatergic synaptic transmission.

Spontaneous Ca®* waves measured in cortical layer 2/3 neurons, marked with respective numbers in the image,
in control (left), during bath application of a solution containing 50uM CNQX and 100uM APV (middle), and
after wash out of CNQX and APV/(right). Mouse age was P16.

4.2.2.3 The Spontaneous Calcium Waves Involve Postsynaptic AMPA

Receptor Activation

The role of postsynaptic AMPA receptor activation was tested by local application of
the AMPA receptor antagonist CNQX (1mM) to the cortical layer 2/3 cells by iontophoresis
(Fig. 22, n=6 experiments, P16-P28). As previously reported for the motor and somatosensory
cortex (Kerr et al., 2005) also in the visual cortex the Ca** wave activity was abolished by
blocking the postsynaptic AMPA receptors. The blocking effect was clear, the frequency of
wave-associated spontaneous somatic Ca”* transients significantly decreasing with 90.22 +

2.62% during the antagonist application.
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Figure 22: Postsynaptic AMPA receptors are necessary for the spontaneous Ca”* waves.
High-magnification in vivo image taken in layer 2/3 of the mouse visual cortex (upper panel). Spontaneous Ca*
transients measured from the cells marked with corresponding numbers on the image (middle), and the time
course of Alexa 594-based fluorescent transient (lower panel) recorded before, during and after 1 sec
iontophoretic application of 1 mM CNQX. In the application pipette CNQX was mixed with Alexa 594 to mark
the place and timing of the application. In the merged image the fluorescence of OG-1 is directed to the green
channel, while fluorescence from Alexa 594 is directed to the red channel. Mouse age was P17.

A summary of the pharmacological profile of the slow spontaneous Ca®* waves is
given in Fig. 23.
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Figure 23: Pharmacological profile of the spontaneous Ca?* waves.

Bar graphs illustrating the blockade of the frequency of spontaneous Ca?* transients per cell (normalized to
control) produced by application of different drugs: 1-2 uM TTX in bath application, (n=5 mice); 2.5-5uM
TTX in local pressure application (n=6); 50uM CNQX and 50-100uM APV in bath application (n=6); and 1
mM CNQX in iontophoretic application (n=6).

4.2.2.4 NMDA Receptor-Channels Activation Play a Critical Role for

the Spontaneous Calcium Waves

NMDA receptors make a major contribution to normal excitatory transmission in
adult visual cortex (Miller et al., 1989; Bear et al., 1990). To test whether NMDA receptor-
channels play a special role in the spontaneous Ca** waves different types of selective NMDA
receptors antagonists were used either in bath or local application. The competitive
antagonists APV (Fig. 24A, 50-100uM, n=5 experiments, P11-P17) and CGP (25-50uM, n=5
experiments, P11-P18) in bath application profoundly and reversibly suppressed the Ca**
waves (Fig. 26, 98.35 + 1.64% blockade of the cell frequency for APV and 95.64 + 2.12 for
CGP, respectively).
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Figure 24: Critical role of NMDA receptors for the spontaneous Ca?* waves.

(A) Spontaneous Ca?* waves in individual layer 2/3 neurons, marked with respective numbers in the image
above, recorded before (left), during (middle) and after (right) a bath application of 100 uM APV. (B) Similar
experiment to the one shown above, but here APV (25mM) was mixed with Alexa 594 and applied locally from
a pipette. The extracellular fluorescence caused by Alexa 594 is shown in red and the layer 2/3 cortical neurons
loaded with OG-1 AM in green. Mouse age was P13 in (A) and P24 in (B).

Another type of NMDA receptors blocker, the non-competitive, voltage-dependent
blocker MK-801 was also tested (100-150uM, n=5, P14-P20). It irreversibly abolished the
spontaneous Ca®* waves (Fig. 26, 92.43+ 2.85% blockade of the cell frequency), effect that

persisted over eight hours, the longest time monitored.
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Figure 25: Blockade of NMDA receptors is confined to the application spot and does not
influence the remote network activity.

(A) Low magnification (x20 objective, zoom 2) recordings from a large area of the primary visual cortex. (B)
Spontaneous Ca®* waves and Alexa 594-induced fluorescence transient recorded before, during and after a 400
ms iontophoretic application of 10mM APV. In the application pipette APV was mixed with 500 pM Alexa 594
and ejected simultaneously to visualize the area subjected to the drug application and monitor the time course of
APV application. The circles delineate the regions of interest from which the spontaneous Ca** waves and
Alexa 594 fluorescence was measured. The emitted fluorescence was split into two channels at 575 nm and the
fluorescence of OG-1 AM was directed to the green channel, while fluorescence from Alexa 594 was directed
to the red channel. Note that only ROI 1 experienced an increase in Alexa 594 fluorescence (B, lower panel)
causing a selective and transient blockade of the spontaneous Ca®* waves (B, upper panel). Mouse age was P15.

Similar results were obtained in experiments in which the site of NMDA receptor
blockade was restricted to the investigated neurons in cortical layer 2/3 by direct local APV
application from a iontophoretic pipette (10-25 mM, n=4 experiments, P14-P24, Fig. 24B).
APV release blocked effectively the spontaneous Ca®* waves locally (97.74 + 1.30 %; Fig.
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26). The area of APV blockade was restricted only to the cells in the application spot, while

the activity in the more remote cortical regions was not affected (Fig. 25).
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Figure 26: Effect of NMDA receptors blockers on the spontaneous Ca®* waves.

Summary of the effect of different NMDA-receptor blockers (CGP 25-50 uM, bath application, n=5 mice;
APV, 50-100uM, bath application, n=5; APV, 10-25mM, iontophoretic application, n=4; MK-801, 100-150uM,
bath application, n=5) on the spontaneous Ca?* waves. The averaged cell frequency of wave-associated somatic
Ca®* transients during drug application is normalized in each individual experiment to the control one.
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Figure 27: Mimicking spontaneous Ca** waves by local NMDA application.

In vivo wave-like Ca®* transients from layer 2/3 neurons of the mouse visual cortex (marked with the respective
numbers in the image) during repetitive 60 ms long iontophoretic co-applications of 10mM NMDA and 0.5 mM
Alexa Fluor 594. TTX (1 uM final concentration) was added to the ACSF solution which was perfused in the
recording chamber. Note that the cells located close to the tip of the application pipette respond to each NMDA
application with Ca?* transients similar to the spontaneous ones, while the cells which are further away from the
pipette remain silent. Mouse age was P19.



70 | Results

Additional support for the important role of the NMDA receptors activation for the
spontaneous Ca”* waves came from the fact that application of the NMDA alone (10 mM)
successfully mimicked wave-like Ca?* transients (Fig. 27).

Taken together, these results demonstrate both by blockade with different classes of
antagonists and also by agonist stimulation, that the activation of NMDA receptor-channels
plays a major and decisive role for the spontaneous Ca’* waves in layer 2/3 of the mouse

visual cortex.
4.2.3 Attempts to Chronically Block the Spontaneous Calcium Waves

To address the role of the spontaneous Ca®* waves, their chronic blockade was
attempted by chronically inhibiting the NMDA receptors. For this aim, chronic application of
the non-competitive NMDA receptor antagonist MK-801 was tested. MK-801 has an open
channel-blocking mechanism of action (Wong et al., 1986) by binding to a site located within
NMDA receptor-associated ion channel and thus preventing the Ca** influx. It blocks NMDA
receptors in a use- and voltage-dependent manner, since the channel must open for the drug to
bind inside it. The blocking action of MK-801 on NMDA responses is slow in onset and
persistent, with only a partial recovery after a washing period of 3 hours (Woodruff et al.,
1987). Therefore, MK-801 was chosen because of its persistent effect on blocking NMDA
receptors and hence, the spontaneous Ca?* waves, effect also previously tested in bath
application.

Different chronic applications paradigms were attempted: repetitive intramuscular
injection of 0.1 mg/kg BW (n=2 animals) (Daw et al., 1999), repetitive intraperitoneal
injection of 0.4 mg/kg BW (n=1 animal), intraventricular injections of 20mM MK-801 (n=2
animals), local iontophoretic application of 100mM MK-801 (n=1 animal), intracortical
injections of 10mM MK-801 (n=2 animals). Implantation of Elvax slices (Smith et al., 1995;
Persico et al., 1997; Kakizawa et al., 2005; Reiprich et al., 2005;) containing 16 mM MK-801
placed over the visual cortex (n=3 animals) were also attempted, but the preparations
damaged the cortex and the results could not be interpreted. The last trials tried to inject mice
intraperitoneally with 0.2mg/kg BW in consecutive days from P8 to P13, but the mice showed
weight lost in comparison with their litter mates forcing us to interrupt the experiment.

None of the application protocols was able to fully block the spontaneous cortical
Ca®* waves for a long enough time period (at least a day). It seemed that the dose of NMDA
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receptor antagonists sufficient for chronic blockade of the Ca®* waves was very close to the
lethal.

4.2.4 Global Nature of Cell Activation before Eye Opening

In experiments performed in young animals before eye opening (in mice eye opening
takes place around P12-14 (Demas et al., 2003; Jaubert-Miazza et al., 2005) a particular
pattern of cellular activation was observed. Each spontaneous Ca®* wave produced the
activation of nearly every cell within the field of view (Fig. 16, 28A, C). The average fraction
of cells participating in a given Ca** wave was high between P8 to P11 (71.93+6.22 %).
Another characteristic of the cellular Ca®* signals at their emergence was their large amplitude
in individual cells, measured as the relative change in fluorescence, AF/F. The mean
amplitude of Ca®" transient in single cells was 42.86+1.49% (n=201 events) at P8 and
54.06+1.96% (n=192 events) at P9, respectively. These results indicated that at the early ages
preceding eye opening the endogenous cortical activity is dense, being characterized by an

extensive recruitment of the majority of cortical neurons in the Ca?* waves.

4.2.5 Switch from Global to Sparse Cellular Activation at Eye
Opening

The generalized, ‘dense’ neuronal responsiveness found in the spontaneous activity
in the visual cortex before eye opening was in contrast to the sparse neuronal activity reported
previously in other brain regions at later stages of development (Petersen et al., 2003; Kerr et
al., 2005). Therefore, in another series of experiments the changes in the pattern of
spontaneous Ca** waves as a function of development were followed up. The aim was to find
out if and how the endogenous cortical activity matures and which is the pattern of neuronal

activation during this process.
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Figure 28: Sparsification of spontaneous neuronal activity at eye opening.

(A, B)Images taken in vivo from layer 2/3 neurons in the visual cortex in two animals aged P11 (A) and P21 (B),
respectively. Middle panel: cells, which were active during the first Ca>" wave (vertical broken line in the lower
panel), are colored in red. Lower panel: wave-associated spontaneous Ca*" transients recorded from individual
neurons (marked with respective numbers in the upper panel (black), as well as from neuropil regions (blue), at
both ages. (C, D) Raster plots illustrating the activity of all cells recorded in this particular experiment at P 21
(D) and of a corresponding number of cells recorded at P11 (C). The first 7 cells in (C) and (D) correspond to
those marked with respective numbers in (A) and (B). Each Ca®* transient is represented as a dot.
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In line with the previously described sparse mode of neuronal activation in adults, in
the visual cortex after eye opening the fraction of active neurons per Ca’* wave was strongly
reduced. Fig. 28 illustrates the developmental switch in the pattern of neuronal activation by
comparing the spatiotemporal distribution of the wave-associated somatic Ca®* transients in
two separate experiments performed at P11 and at P21, respectively. The raster plots (Fig.
28C, D) of eight consecutive Ca’* waves show that before eye opening the majority of
neurons present in the recorded window were synchronously activated each time a Ca®* wave
was detected, whereas a week later the cellular activation was sparser and more
heterogeneous. This heterogeneity emerged from the fact that the subpopulation of neurons
activated during each Ca®* wave was continually changing, (as in Kerr et al., 2005).

A closer quantification of the developmental profile of the Ca** waves (Fig. 29)
revealed the highest fraction of active cells during P8-P11. Around eye-opening a process of
‘sparsification’ is initiated leading to the gradual decrease in the fraction of active cells per
wave. This sparsification is nearly completed within one week after eye-opening and reaches
a level of about 15% of active cells per wave in adults (fraction of active cells/wave equals
18.98 £ 2.7% at P20-29 and 15 * 2.6% at P48-65).
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Figure 29: Developmental profile of the sparsification of spontaneous neuronal activity.
Bar graph showing at each age tested the fraction of neurons participating in a given Ca®* wave (from left to
right n=5, 4, 3, 4, 5, 12, 6, 6, 10, 4, and 6 mice).

During development the frequency of spontaneous Ca?* waves increased constantly
from below one wave per minute at P8 to about 30/min at P20-29. The frequency of Ca**
transients measured in individual neurons initially increased from 0.38+ 0.08/min at P8 to
5.18+ 0.39/min at P14-15, but it remained stable thereafter. The difference between the
increase in the frequency of spontaneous Ca”* waves and the one in individual cell frequency
is in line with the decrease in the fraction of activated neurons per Ca®* wave after the third
postnatal week.



74 | Results

Taken together, the comparison of the spatial and temporal structure of the neuronal
activation across the ages studied suggests that the overall pattern of spontaneous activity in
layer 2/3 of the visual cortex is changing during development. Before eye opening activity is
global, synchronous, whereas after eye opening it changes into a heterogeneous, sparse

activation pattern.

4.2.5.1. Mechanism Underlying the Sparsification of Spontaneous

Neuronal Activity: Role of GABAA-Receptor Dependent Inhibition

The y-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the
brain. In the primary visual cortex it was shown that the functional maturation of GABA-
dependent local inhibitory connections plays a crucial role in the activity-dependent plasticity
and cortical circuits consolidation (Hensch et al., 1998; Fagiolini and Hensch, 2000; Hensch,
2005). Therefore, we next tested whether the developing of synaptic inhibition plays a role in
the development from a global to a sparse participation of the individual neurons in the
spontaneous Ca”" waves detected in layer 2/3 of the visual cortex. Thus, the effect of local
iontophoretic applications of the GABAA receptor antagonist gabazine (SR95531, 500uM)
onto the neurons located in the visual cortical layer 2/3 was assessed at early and late
developmental stages. Animals were grouped in two age categories: at the age when the
majority of neurons were synchronously participating in the Ca** waves (P11-P12, n=4
experiments), and at the age when the neuronal activations was already sparse (P20-P29, n=5
experiments). The application duration of gabazine varied between 40 to 60 sec. The
concentration and duration of gabazine release, as well as the diameter of the ejecting pipette
(<1 pm), were carefully controlled in order to avoid triggering seizures by ejecting a too large
amount of the GABA, receptor antagonist. The frequency with which Ca** waves occurred
was not significantly modified. It was on average 115.04+20.99% at P11-P12 and
102.68+7.16% at P20-29 during gabazine application compared to the control frequency (Fig.
31B).
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Figure 30: Role of synaptic inhibition for the sparsification.

(A, B) Upper panels: Wave-associated Ca* transients in individual neurons (black) and neuropil (blue) in one
P11 (A) and another P27 (B) mouse before, during and after a local iontophoretic application of the GABAA
receptor blocker gabazine (60-s-long, 500uM in the application pipette). Lower panels: Raster plots calculated
from the corresponding traces in (A) and (B); each dot represents a Ca" transient detected in single cells (black)
and neuropil (blue). Note the absence of any effect of the drug at P11 (A) and a strong increase in the fraction of
active cells at P27 (B).

Gabazine is a selective and competitive GABAA receptor antagonist. When gabazine
was iontophoretically applied in the young animals, at P11-P12, the activation of cells did not
change significantly (Fig. 30A). The fraction of cells participating in each spontaneous Ca**
wave remained constant at this early age (Fig. 31A left panel, 58.45+5.07% in the control and
58.74+12.18% during gabazine application). Cellular frequency was only slightly increased
(120.21+16.68% normalized to control frequency, (Fig. 31C) when the GABAergic inhibition
was removed.

The effects of GABAA receptor antagonist application were instead considerably
different when its effect was assessed in the older animals group, at P20-29, at the age when
the sparsification process was already completed. During the gabazine application, neurons
recovered their synchronous activation (Fig. 30B), the mean percentage of individual neurons
involved in a single Ca** wave increasing from 16.93+2.12% in control to 58.58+7.62%
during drug application (Fig. 31A, right panel). This three-fold increase in cellular

synchronicity was due to a massive boost in neuronal activation, the frequency with which
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neurons generated Ca®" transients raising also during drug application to 354.93 + 46.63%

compared to the control frequency (Fig. 31C).
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Figure 31: Removal of GABA, mediated inhibition recovers the neuronal synchronicity.

(A, B, C) Summary of the gabazine effect (n=4 for P11-12, n=5 for P20-29). Bar graphs presenting the mean
value of the fraction of cells simultaneously activated during a given Ca®* wave in control and during gabazine
application at P11-12 (left) and at P20-29 (right) (A), the mean relative (normalized to control) frequency of
Ca®* waves detected in neuropil (B) and in single cells (C) at P11-12 and at P20-29 in the presence of gabazine.
Significant effect of gabazine was observed for the fraction of active cells (A, right panel; p=3x10"°, Student’s t-
test) and for the cell frequency (C, p=0.005) at P20-29.

The first attempts to investigate the effect of removing the GABAAa receptor-
dependent inhibition were done with another GABAa receptor antagonist bicuculline
(20mM). However, it was shown that bicuculline do not only antagonizes the effect of GABA
on the GABAA receptor, but it rather has a more general effect, blocking also the currents
produced by other compounds on the GABAAa receptor. Unlike bicuculline, gabazine
selectively antagonizes GABA-induced CI" currents (Uchida et al., 1996), being more suited
for studying the specific effect of endogenous GABA neurotransmitter release. The
iontophoretic bicuculline release onto neurons in the cortical layer 2/3 in mice belonging to
the age group P20-29 yielded similar results like the gabazine application (data not shown).

These results demonstrate that, by removing postsynaptic inhibition mediated by
GABA receptors, neurons in layer 2/3 in the adult visual cortex can return to an immature
pattern of spontaneous activation. This data suggests that the maturation of GABAergic

inhibition causes the developmental switch in the pattern of the spontaneous Ca* waves.



77 | Results

4.2.5.2. Mechanism Underlying the Sparsification of Spontaneous

Neuronal Activity: No Role for Visual Experience

To determine whether the sparsification process requires visual experience the
patterns of spontaneous activity in mice raised under normal lighting conditions were
compared with those of mice reared in the dark. The impact of dark-rearing was examined at
the age when the wave-associated spontaneous somatic Ca*" transients were already sparse,
that is at the end of the third postnatal week. Five mice aged between P22-P28 were included
in this series of experiments. They were kept in total darkness from birth until the moment
when the experiments were performed. The same loading procedure with the Ca®* indicator
dye OG-1 AM was carried out and the spontaneous Ca?* activity within the loaded layer 2/3
neurons was recorded in the visual cortex. The results were compared with the ones obtained
in the experiments done in the corresponding age group mice reared with normal visual

experience (P20-29, n=10 animals).
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Figure 32: Spontaneous activity is comparable in normal and in dark reared mice.

(A) Images presenting MCBL-loaded cells in the cortical layer 2/3 of the visual cortex in two different mice at
P23, one control (left) and one dark reared (right). (B) Spontaneous wave-associated Ca®* transients in
individual neurons (black, mark with corresponding numbers in the images above) and in neuropil (blue)
recorded from the experiments in (A). (C) Raster plots calculated from the Ca®" traces presented in (B). Every
dot corresponds to a detected Ca®* transient in single cells (black) or in the neuropil (blue).

Surprisingly, the spatio-temporal patterns of cell activation within the spontaneous
Ca** waves were qualitatively indistinguishable from their age-matched controls in the
visually deprived mice. Fig. 32 illustrates a comparison of spontaneous activity measured in
individual neurons and in the neuropil in two animals at the same age, one reared in the dark,
another one in normal lighting conditions. To quantify the effect of visual deprivation the
following parameters were calculated and compared: the fraction of neurons participating in a
given Ca®* wave, wave and cell frequency. None of these three parameters were significantly

different between the normal and dark reared mice (Fig. 33).
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Figure 33: Spontaneous Ca*waves are not influenced by dark rearing.

Bar graphs summarizing the mean value of the fraction of cells activated during a given Ca*" wave (A),
averaged neuropil frequency (B) and averaged cell frequency (C) in control (normally reared, NR) mice (n=10)
and in dark reared (DR) mice (n=5) at P20-P29. The corresponding data for P11 are shown for comparison. No
significant difference in the activity pattern between control and dark-reared mice was observed (p=0.6 for the
fraction of activated cells, p=0.6 for neuropil frequency, and p=0.8 for cell frequency, respectively; Student’s t
test).

These data indicate that visual experience has no major role on the maturation of the
spontaneous activity in the visual cortex, at least during the first three postnatal weeks. Thus,
it appears that sparsification is a more general developmental process that marks, perhaps, the
onset of adult-type information processing in the brain.

Taken together, the results presented in this section reveal a novel type of large scale
spontaneous Ca”* waves that emerge in the visual cortex around P8. The spontaneous Ca**
waves require activation of voltage-gated Na* channels, glutamatergic synaptic transmission

and, importantly, rely upon activation of NMDA receptor-channels. Around eye opening
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(P12-14) there is a developmental switch in the pattern of spontaneous Ca®* waves, from a
profuse activation of the neuronal network into a sparse one, process paralleled by the
development of GABAergic inhibition and independent of visual experience.

4.3. Development of the Light Evoked Activity in the Mouse Visual

Cortex

Next, the neuronal Ca®* responses to light stimulation in the superficial layer 2/3 of
the visual cortex were also studied in vivo during development. This set of experiments was
carried out in mice ranging from one week till two months old. Neurons were loaded with the
Ca®" indicator OG-1 AM and visual stimulations, consisting of 100 ms long light flashes
produced by a photo-diode, were performed. The light source was placed at a distance of
about 35-40 cm and at an angle of 35-50° laterally from the right eye of the mouse (Fig. 34A).
In very young animals (P7-P10) the photo-diode had to be placed immediately in front of the
mouse’s eye in order to produce a visual response. Measurements were performed in the line-
scan mode with a high sampling rate of 200 Hz that enabled the precise measurement of the
responses’ delays and kinetics. Usually 3-10 pyramidal neurons were included in one scanned
line and the changes in intracellular Ca** concentration from each neuron was calculated and

expressed as the relative change in fluorescence, AF/F.
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Figure 34: Sensory-driven activity in the mouse visual cortex.

(A) Diagram of the visual cortex and of the stimulation procedure. A brief (100 ms long) light-flash is produced
by a LED which is placed 35-40 cm laterally from the contra lateral eye of the mouse. (B) Bar graph indicating
at each age tested the fraction of experiments in which light-evoked responses could be detected in single cells
(n=2 mice, 4, 3, 5, 3, 8, 5, 8, 4, 6 from left to right. (C) Flash-evoked Ca?* transients from individual cortical
neurons at different ages. Recordings are done in line-scan mode and represent for each age the average of
successful trials (in which the stimulus elicited a somatic Ca®* transient) out of 20 consecutive stimulations. The
time point of the light stimulation is indicated by the yellow dotted line. Note the long delay (arrow) and
duration of the responses at very young ages (P8-P10), before eye-opening.

Visually responsive cortical neurons in layer 2/3 were first identified before eye
opening, at P8 (Fig. 34B and C). As in the case of the spontaneous activity, neuronal Ca*
responses to flash stimulations could not be detected between P8 and P10 in each experiment
(Fig. 34B).

A detailed developmental analysis revealed that the features of the neuronal
responses induced by visual stimulation changed during development in the cortical layer 2/3
neurons. Before eye opening (P12-14), the light-evoked responses were sluggish with long
latencies (approximate 300ms) and slow kinetics, measured as decay time constant (Fig. 34C,
Fig. 35A and B). Often long intervals were required between stimulations to produce reliable
neuronal responses. Many presentations of the light flash were not able to elicit Ca?*
responses in neurons, but when neurons responded, the responses usually had large amplitude.
Fig. 36A shows, at each age tested, the fraction of stimulation trials in which no cellular Ca?*
response could be observed (failures). Note the high failure rate of light stimulations (around
80-90%) between P8 to P10. After eye opening, the percentage of stimulations that failed to
produce a neuronal Ca?* response decreased to approximately 30%.

After eye opening, the latency of the Ca®* responses to light stimulations decreased
steeply to a constant mean value of approximately 100 ms (Fig. 35A). Also their Kinetics
changed, showing a rapid decrease in duration, from over 2 sec before eye opening to
approximately 1 sec afterwards (Fig. 35B). The third parameter calculated to characterize the
changes in neuronal responses to light-flash stimulation during development was the
amplitude of Ca®* responses in individual neurons. The amplitude had a tendency to decrease

after eye opening, but this decrease was not so prominent (Fig. 35C).
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Figure 35: Development of latency, decay time constants and amplitude of the neuronal Ca**
responses evoked by visual stimulation.

(A) Bar graphs showing at each age tested the averaged delay (A), decay time constant (B) and amplitude (C)
of the somatic Ca®" transients recorded in individual layer 2/3 neurons and evoked by light-flash stimulation.
(n=14 cells, 8, 33, 21, 52, 39, 21, 14, 24 from left to right).

Remarkably, the pattern of neuronal Ca** responses to light flashes differed before
and after eye opening. At earliest ages, when Ca?* responses could be elicited, the majority of
neurons were consistently activated and responded with Ca®* transients to the light
stimulation. In the older animals after eye opening, the percentage of neurons simultaneously
activated by the light stimulation decreased (Fig. 36B).
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Figure 36: Development of light evoked Ca®* signals.

(A) Plot of the fraction of trials in which no cellular Ca*" response could be evoked. (B) Bar graph showing at
every analyzed age the percentage of cells in one trial that responded to the light flash with a Ca®* transient.
Only those trials in which at least one cell was activated are included.

Fig. 37 illustrates representative examples of neuronal Ca’* responses to light
presentation at early and at late developmental stages. Whereas before eye opening (P8) the
majority of neurons responded with relatively homogenous large Ca®* transients, at later ages
neurons behaved differently: there were neurons that reliably responded to the light
stimulations, other reacted only sporadically and with very small amplitudes of the Ca*
transients, and there were also non-responding neurons. Thus, as in the case of the
spontaneous activity, in the mouse visual cortex there is a developmental switch in the pattern
of neuronal responses to light stimulation, from a dense activation before eye opening (P8) to

a more restricted, sparse one in the adult mice.
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Figure 37: Developmental switch in neuronal Ca** response patterns.

(A) High-magnification images of layer 2/3 neurons in vivo in the mouse visual cortex taken at P8 (left) and P38
(right), respectively. (B) Line-scan recordings of Ca?* transients evoked in each age by one light flash. The
images are displayed in arbitrary units, color-coded with warmer colors coding for increases in fluorescence. (C)
Examples of normalized fluorescent Ca?* transients in three cortical neurons from the line-scan recordings in
(B). The time of light stimulation is represented by the dotted yellow line, the position of the scan lines and the
cells analyzed are indicated in (A).

NMDA receptor activation is required for the experience-dependent development of
the visual cortex (Bear et al., 1990). Therefore, the dependency of the visual evoked Ca®*
responses upon NMDA receptors activation was tested by bath applications of the competitive
NMDA receptor antagonists APV (50-100uM, n=3 experiments, P13-24) or CGP (25uM, n=1

experiment, P12). During the drug applications, the visually evoked neuronal Ca?*responses
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were dramatically, but reversibly blocked (80.33+10.44% reduction in cellular responsiveness

to stimuli presentation under APV compared to control; Fig. 38).
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Figure 38: Flash-evoked Ca*" responses require the activation of NMDA receptors.

(A) In vivo image acquired in layer 2/3 of the visual cortex in a P13 mouse. (B) Ca®" responses to flash
stimulations taken in control (upper trace), in the presence of 100 UM APV (trace in the middle) and after wash
out of APV (lower trace). Each trace is the average of the Ca®* responses from 20 consecutive trials and
measured in the 4 neurons marked with the respective numbers in (A).

Taking together, these results reveal that as early as P8 visual stimuli presented
through the closed eyelids can drive neuronal activity in the visual cortex of mice. At these
early ages before eye opening there is a robust neuronal activation to light stimulation. After
eye opening, there is a sparsification in the neuronal responses, from a general activation to a
more restricted one in adults. Similar to the spontaneous activity in the visual cortex, the light-

evoked neuronal Ca* responses essentially depend on activation of NMDA receptors.
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Chapter 5

Discussion

This thesis presents progresses achieved by imaging in vivo calcium signals from
large neuronal circuits with single-cell resolution. The main achievements described in this
work include: (i) improvement of MCBL technique through the introduction of multicolor
imaging and cell-specific staining; (ii) functional analysis of Ca** signaling in highly confined
brain regions during rapid and multiple pharmacological manipulations in live experiments;
(iii) enabling of in vivo Ca®* imaging of dendrites and spines in transgenic mice expressing
genetically encoded fluorescent Ca?* indicator proteins (FCIPs); (iv) measurement of
functional somatic and dendritic FCIPs-based Ca®* signals; (v) characterization of
spontaneous and light evoked activity patterns in the developing visual cortex and (vi)

discovery of the phenomenon of sparsification.
5.1 New Applications of the Multi-Cell Bolus Loading Technique

Two-photon Ca®* imaging in vivo using targeted bulk loading of cortical cells with
small molecule Ca?* indicators is a powerful approach for high-resolution in vivo imaging of
cortical network function. MCBL permits simultaneous recordings of spontaneous and
sensory-driven Ca®*-transients from tens to hundreds of individual neurons. So far
applications of MCBL were used in the mammalian brain in vivo (i) to characterize
spontaneous and sensory-driven activity in the somatosensory and motor cortices of rats and
mice (Stosiek et al., 2003; Nimmerjahn et al., 2004; Kerr et al., 2005), (ii) to detect
spontaneous Ca”" transients in rat Purkinje cell dendrites (Sullivan et al., 2005), (iii) for
monitoring spontaneous and light-evoked responses in the mouse visual cortex (Garaschuk et

al., 2006b), (iv) to visualize the relation between neurons and plaques, the histological
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hallmark of Alzheimer’s disease, in transgenic mice carrying mutations associated with
Alzheimer’s disease (Garaschuk et al., 2006b) (v) for the characterization of direction
selectivity of layer 2/3 neurons in the visual cortex of rats and cats (Ohki et al., 2005), (vi) to
determine the microstructure of pinwheel centers with single cell resolution in cat visual
cortex (Ohki et al., 2006), (vii) to investigate neuronal responsiveness during ocular
dominance plasticity in mouse visual cortex (Mrsic-Flogel et al., 2007) and (viii) to test for
the orientation selectivity of EGFP-positive GABAergic interneurons in layer 2/3 of the visual
cortex (Sohya et al., 2007). All these studies were done under anesthesia, but MCBL proved
its applicability also in awake, behaving animals. In combination with brain microendoscopy,
MCBL was used to characterize the macroscopic properties of neuronal networks by
monitoring Ca®* signals in nonanesthetized mouse pups (Adelsberger et al., 2005).

As presented in section 4.1.1.2., one of the major advantages of MCBL is that it is
not age dependent, being able to stain not only newborn and juvenile tissue, but also adult and
even aged tissue. This quality renders MCBL especially useful to study the in vivo functional
properties of neuronal networks in mutant mice carrying gene mutations relevant for different
age-associated human diseases, such as Alzheimer’s disease (Garaschuk et al., 2006b).

MCBL stains relative homogeneously all the cells present in the target brain region.
One can circumvent the lack of cell-specificity by combining it with additional specific
cellular markers, like for example the astroglial marker sulforhodamine 101 (Nimmerjahn et
al., 2004). This study describes a procedure which simplifies and speeds-up the neuron/glia-
specific staining by combining both dyes in the same injection pipette. The double-colored
images (e.g. Fig. 11A) disclose many specific details (for example, processes of glial cells)
and thus significantly improve the discrimination of functional properties of neuronal and
astrocytic networks. As we could show (Garaschuk et al., 2006b), cell-type-specific analyses
of neurons belonging to different subclasses is enabled by applying MCBL in mutant mice
expressing genetically encoded fluorescent markers in a defined neuronal subclass. Recently,
a similar approach was applied to study the difference in orientation-selectivity between the
GABA-ergic interneurons and excitatory neurons in layer 2/3 of the visual cortex in
transgenic mice in which the GABA-ergic interneurons expressed EGFP (Sohya et al., 2007).

As shown above, the experiments using MCBL could be easily combined with
applications of pharmacological substances directly to the cells of interest. Drugs could be
added to the preheated ACSF solution that continuously perfused the brain, procedure similar
to the bath application of drugs in conventional brain slice experiments. Under in vivo

conditions, the cortex is exposed through the small craniotomy performed for dye loading,
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which is sufficiently large to allow an effective access of drugs to the brain parenchyma. The
water soluble drugs (like for example APV or TTX) elicited their effects soon after they were
present in the recording chamber. The lipophilic drugs (like for example CNQX) required
application in high concentrations, presumably because of the poorer diffusion properties they
have inside the brain tissue. This in vivo ‘bath application’” method enabled rapid
pharmacological manipulations, including application and wash out of multiple drugs at
controlled concentrations. Thus, the ‘bath application’ presents several advantages over other
techniques available for the pharmacological treatment of brain cells in vivo, where drugs are
usually administered via intravenal or intraperitoneal injections. The limitations of such
“systemic” drug administration include the possibility of applying only those drugs that cross
the blood-brain barrier, the delayed effect and unknown concentration at the site of interest,
and possible systemic side effects. A very similar technique was also used by Minlebaev et al.
(Minlebaev et al. 2007). As the perfusion chamber, a plastic cylinder with fine mesh at its
bottom was gently pressed onto the surface of the barrel cortex, so that the mesh prevented the
brain pulsations. This construction also allowed application of drugs directly on the cortical
surface (Minlebaev et al. 2007).

An alternative method for drug delivery directly to the cells of interest was the local
application. This was performed by inserting a pipette filled with the drug through the same
craniotomy used for MCBL dye delivery. The drug was subsequently released onto the cells
either by iontophoresis or by pressure-application. This approach had two advantages over the
bath application: it could be successfully used for local application of any type of drug
(including the lipophilic ones) and by carefully controlling the application parameters (like for
example duration, diameter of the tip of the pipette, amount of ejecting current) the drugs
could exert their action in highly confined brain regions (down to a few cells).

In conclusion, recent improvements of MCBL have following advantages: in
combination with other labeling techniques, in particular with those involving the use of
genetically encoded, green-fluorescence-protein-based indicators, MCBL provides useful
tools needed for the functional analysis of Ca®* signaling in identified subclasses of neurons
and glia cells in vivo; MCBL can be used in a variety of animal models at different ages;
MCBL allows to visualize cells, which are transiently treated pharmacologically in a live
experiment.

However, even with an improved technique it was still not possible to overcome
some general limitations of MCBL. One of them is that imaging of processes of individual

neurons is difficult, presumably because all processes have same brightness of staining thus
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forming a rather homogenous neuropil. Another limitation refers to the fact that all cells and
structures in a given volume are stained and under high-power excitation out-of-focus light

may substantially contribute to the recorded signal (Helmchen and Denk, 2005).

5.2. Advances in Imaging Calcium Signals Using the New Genetically

Encoded Fluorescent Calcium Biosensor CerTN-L15

Another methodological improvement of the in vivo two-photon Ca®* imaging
presented in this thesis is the characterization of the cortical expression patterns and the
functional properties of a novel troponin C-based Ca* biosensor (Heim and Griesbeck, 2004),
CerTN-L15. CerTN-L15 had a long-lasting stable expression in brains of transgenic mice
(Heim et al., 2007). With the use of the Thy-1 promoter (Caroni, 1997; Feng et al., 2000), the
expression was purely neuronal as proved by counterstaining with the glial specific marker
sulforhodamine 101. CerTN-L15 produced intense labeling in the majority of brain areas
including cortex, hippocampus, cerebellum and brain stem (Heim et al., 2007). Within
individual neurons CerTN-L15 was homogeneously distributed in the cytosol, allowing in
vivo visualization of individual cortical layer 2/3 neurons, their dendrites and dendritic spines.
The sensor was excluded from the cell nucleus, aspect that caused a ring-like appearance of
cortical cells somata under in vivo conditions, where cells were usually viewed from above.

The favorable fluorescence properties and the relatively high Ca®* sensitivity of
CerTN-L15 enabled functional in vivo imaging of single neurons. Moreover, the sensitivity of
CerTN-L15 was well within the range of the sensitivity of the commonly employed small
molecule Ca®* indicators used for in vivo recordings, like Fura-2 and Oregon Green BAPTA-1
(2-15%, Smetters et al., 1999; Kerr et al., 2005; Garaschuk et al., 2006a). The decay time
constants of glutamate-evoked somatic CerTN-L15-mediated Ca’* transients were around 1.6
s in vivo and were, thus, only two times slower than the decay time constants of spontaneous
Ca** transients measured in vivo with Oregon Green BAPTA-1 (0.8 s, Kerr et al., 2005).

So far, FCIP-mediated Ca?* signals from neuronal structures in vivo were measured
just in the olfactory bulb using camgaroo-2 and inverse pericam (Hasan et al., 2004) and in
beams of parallel fibers using GCaMP2 (Diez-Garcia et al., 2007). However, those Ca®*
signals were integrated over populations of cells and did not have single-cell resolution. In
contrast, CerTN-L15 provided discernable Ca®* signals from small dendritic segments
(approx. 1x35 pm). To our knowledge, this is the first example of FCIP-based in vivo Ca®*

signals of spiny dendrites. Noteworthy, the quality of these recordings (signal amplitude,
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signal-to-noise ratio) is very similar to the quality of dendritic recordings from neurons,
pipette-filled with the small molecule Ca** indicator Oregon Green BAPTA-1 (Waters and
Helmchen, 2004).

These results are in clear contrast to results obtained with cameleons, which have
consistently shown a marked reduction in Ca®* sensitivity in transgenic mice (Hasan et al.,
2004; Nagai et al., 2004). As mentioned in the introduction, CerTN-L15 and cameleons have
a very similar architecture and differ only in the Ca** binding moiety. Instead of using TnC,
cameleons employ the interaction of CaM with the CaM binding peptide M13 (Miyawaki et
al., 1997; Miyawaki et al., 1999). Calmodulin, however, is a ubiquitous signal transduction
protein that is highly regulated on many levels and activates many Ca”*-dependent responses
within cells (Griesbeck, 2004). It is a multifunctional protein that can bind to at least 30
different target enzyme and proteins (Jurado et al., 1999). On the other side, it is itself tightly
regulated by the host cell biochemistry through extensive phosphorylation on serine/threonine
and tyrosine residues (Benaim and Villalobo, 2002). Moreover, competition by endogenous
calmodulin at the level of the calmodulin target peptide, which would markedly decrease
probe signal strength, is also expected (Kotlikoff, 2007). These uncontrolled intracellular
interactions may explain the failure in obtaining full functionality of CaM-based Ca** sensors
when they were expressed in the mouse.

In conclusion, the new FCIP mouse line that expresses the troponin C-based Ca?*
biosensor CerTN-L15 provides important improvements for the analysis of Ca** signaling in
the intact brain. These include a homogeneous and bright staining of the entire cytosol of
individual neurons down to secondary/tertiary dendrites and the full functionality of the
sensor protein allowing in vivo Ca** imaging with single cell and even subcellular resolution.
The cellular expression pattern of CerTN-L15 with bright dendrites and dye-free nuclei
renders the dye particularly suitable for dendritic recordings. Thus, for a comprehensive
cellular analysis, CerTN-L15-based labeling may be combined with the bolus labeling of cells
with small molecule indicators, which provides good results for the staining of cell somata,

but not that of dendrites.
5.3. Endogenous Network Activity in the Developing Visual Cortex

Benefiting from the new applications of MCBL a detailed analysis of the
spontaneous activity in the visual cortex of mice during development was performed. This

study revealed by means of in vivo two-photon functional Ca®* imaging the presence of a
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novel type of large scale spontaneous Ca®* waves in the upper layers of the developing mouse
visual cortex in vivo. These novel Ca?* waves have following distinct properties:
o they emerge at the beginning of the second postnatal week and before eye opening
recruit the entire neuronal network
e they increase their frequency during development gradually switching from sub-delta
to delta range
e require action potential firing and glutamatergic synaptic transmission
o critically depend upon activation of NMDA receptor-channels
o switch from profuse to sparse around eye opening
e the decline in cellular synchronicity seen during development (the ‘sparsification’
process) is independent of visual experience
o the sparsification process is closely paralleled by the maturation of the GABAergic

inhibition

5.3.1. Patterns of Spontaneous Network Activity in the Developing

Visual Cortex

The earliest form of patterned spontaneous cortical activity is represented by the
“carly network oscillations” or ENOs (Garaschuk et al., 2000). They consist of Ca** waves
involving the entire network of neurons in all cortical layers almost simultaneously and
propagating from the posterior cortex along its longitudinal axis, crossing the anatomical
boundaries between different cortical subregions (Garaschuk et al., 2000). ENOs are detected
in the cortex of rodents at embryonic day 16 (Corlew et al., 2004) and persist until the end of
the first postnatal week (Garaschuk et al., 1998; Garaschuk et al., 2000; Corlew et al., 2004),
during the period at which GABAergic transmission is depolarizing (Garaschuk et al., 2000;
McCabe et al., 2007). Based on optical fiber Ca?* measurements, ENOs were identified to be
present also in vivo in the temporal cortex of new born non-anesthetized mice (Adelsberger et
al., 2005). ENOs are detected primarily during sleep-like resting states and are absent when
the animals moved. In addition, ENOs are very sensitive to anesthetics and are completely
abolished in anesthetized animals (Adelsberger et al., 2005).

Eventually, the adult neocortex is characterized by slow (0.2-0.5 Hz) depolarizing-
hyperpolarizing (or Up-Down) wave activity (Steriade et al., 1993; Steriade and Timofeev,
2003), where sparse firing of action potentials predominates (Margrie et al., 2002; Petersen et
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al.,, 2003; Kerr et al., 2005). The Up-Down state activity is detected under different
anesthetics (Steriade et al., 1993; Lampl et al., 1999; Petersen et al., 2003; Kerr et al., 2005),
during natural sleep (Steriade and Timofeev, 2003) and quiet wakefulness (Petersen et al.,
2003).

The results presented in this thesis reveal a novel type of large scale spontaneous
Ca®* waves, which emerges in the visual cortex at the beginning of the second postnatal week
and develop in the adult ages, bridging the gap between ENOs and the adult slow wave
cortical activity. After ENOs have disappeared around P7, the newly described large scale
slow spontaneous Ca®* waves were detected throughout big regions in layer 2/3 of the visual
cortex of anesthetized mice. These Ca** waves showed an increase in frequency during later
stages of development, from a sub-delta (0.5 waves/min at P8) to a delta (30 waves/min or 0.5
Hz at P21) range of cortical wave activity. The Ca*" waves persisted at this frequency in adult
mice.

The nature of the spontaneous Ca?* waves was exclusively neuronal, as glial cells,
specifically labeled with sulforhodamine 101, showed different Ca®* dynamics. Interestingly,
the Ca®* waves could be detected in the surrounding neuropil, whose in vivo spontaneous Ca*
signals were previously demonstrated to be predominantly of axonal origin, thus representing
the input activity into the local layer 2/3 neuronal network (Kerr et al., 2005). The sensitivity
to TTX of the slow spontaneous Ca®* waves and the dependence on activation of ionotropic
glutamate receptors suggest that they require excitatory synaptic transmission for the
recruitment of layer 2/3 neurons into the wave activity.

A major finding of this study is that the pattern of neuronal activation within the
spontaneous Ca®* waves changes during development. Before eye opening the Ca®* waves
recruited most of cortical neurons (70-75%), and each cell participated with a Ca** transient in
almost every wave. The amount of synchronously active neurons dropped dramatically after
eye opening, so that only 15-20% of the cells participated in a given Ca®* wave at P16-19 and
at the later ages tested. The spatial pattern of cellular activation at these later ages showed a
stochastic behavior, the subset of activated neurons changing continually over time. Thus, in
the mouse visual cortex there is a developmental switch in the pattern of endogenous activity
transforming “dense” activation of the neuronal network into a sparse and heterogeneous one.

The process of sparsification was not influenced by the visual experience, as mice
reared in the dark showed similar developmental pattern of the spontaneous Ca?* wave.
Conversely, the mechanism underlying the decline in cellular synchronicity after eye-opening

was triggered by the developmental strengthening of the synaptic inhibition. Interestingly, a



92 | Discussion

presumably different set of inhibitory mechanisms, which rely strongly on visual experience
(Katagiri et al., 2007), control the transition from the precritical to the critical period for
monocular deprivation in the developing visual cortex (Hensch et al., 1998; Hensch, 2005).
The finding that the synchronicity of spontaneous activity in the visual cortex is
reduced with maturation shows similarities between the development of spontaneous cortical
and retinal activity. Using multi-electrode array recordings, Demas et al. (2003) found that in
normally reared mice the synchronous firing of retinal ganglion cells (RGCs) occurs in the
form of retinal waves at P9. The synchronicity of RGCs begins to break down shortly after
eye opening (around P15) and by P21 is comparable with that observed in adult mice. The
sparsification process of RGCs activation was also not influenced by visual experience
(Demas et al., 2003). A similar development of cortical neuronal activity in the visual cortex
was also found in the cat, where the maturational changes in the spontaneous neuronal activity
consisted of a decrease in synchrony, paralleled by an increase in the frequency of neuronal
discharges (Huttenlocher, 1966, 1967). Taken together, these data suggest that in the visual
system the maturation in the endogenous activity pattern, represented by sparsification of the
neuronal activation, is a more general process, which has a similar evolution during
development and marks, perhaps, the onset of adult-type information processing in the brain.
In conclusion, the new form of slow spontaneous Ca** wave activity described here
shares similarities with the early occurring ENOs, but also with the slow wave (or Up-Down)
activity found in adults. Its ultra-slow rate of repetition (0.5-2.7 wave/min at P8-P11) and the
large fraction of active cells/wave during the second postnatal week are similar to the ENOs.
The persistence in the presence of anesthetics, the frequency at later developmental stages and
the sparse pattern of neuronal activation after eye-opening were similar to the classical slow

wave activity reported previously in adults.

5.3.2. Possible Physiological Function of the Spontaneous Calcium

Waves

The accurate assembly of neuronal connections is generally thought to critically
depend early in development on patterns of neuronal activity, generated either by intrinsically
generated spontaneous activity (Katz and Shatz, 1996), or by early experience (Akerman et
al., 2002). In particular, as postulated by Hebb, correlations in presynaptic and postsynaptic
activity patterns strengthen and retain ‘correct’ synapses and eliminate ‘inappropriate’

connections (Katz and Crowley, 2002). The correlated, global mode of neuronal activation
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seen during the newly described spontaneous Ca®* waves is restricted in the visual cortex to
the precritical period for monocular deprivation (Feller and Scanziani, 2005) and is
completely gone at the end of the third postnatal week. During the precritical period, a
complex interaction between the spontaneous activities in the afferent sensory pathways,
including retina and the lateral geniculate nucleus, but also with the neighboring cortical
areas, establishes the coarse connectivity and the sensory maps in the visual system (Sur and
Leamey, 2001; Katz and Crowley, 2002; Feller and Scanziani, 2005; Sur and Rubenstein,
2005).

A remarkable feature of the slow wave activity in this period is the requirement of
NMDA receptor-activation for wave-associated Ca** signaling. Hebbian postulate requires a
mechanism for detecting coincident pre- and post-synaptic activity. The NMDA receptor is
the main candidate for a coincident detector at synapses in the CNS, because it can only be
activated by both glutamate and post-synaptic depolarization. If NMDA receptor contributes
to the mechanisms underlying the activity-dependent cortical circuit formation, then
pharmacological blockade of the receptor might be expected to prevent the normal course of
this process. Indeed, evidence confirming this hypothesis came from studies where inhibition
of NMDA receptors prevented the proper development and maintenance of precise
connectivity of retino-tectal (Cline and Constantine-Paton, 1989; Ruthazer et al., 2003) or
retino-collicular (Simon et al., 1992) projections. Blockade of NMDA receptors abolished the
activity-dependent elimination of axon terminals from the territories dominated by the
opposite eye in the binocular innervated optic tectum of Xenopus tadpoles (Ruthazer et al.,
2003). The finding that the slow spontaneous Ca?* waves are abolished by NMDA receptors
blockers strongly indicates that in the mammalian visual system, like in the developing
Xenopus retino-tectal system (Ruthazer et al., 2003), spontaneous activity may regulate
axonal growth through activation of NMDA receptors and, thereby, the pattern of innervation
territories in the cortex.

Sparsification of spontaneous neuronal activity seems to be a general motif of
cortical development. Here evidence for such a switch in the visual cortex is provided, while
others have shown sparsification of neuronal activity at later developmental stages in the
retina (Demas et al., 2003), as well as a sparse activation pattern during adult Up-Down states
in the somatosensory (Kerr et al., 2005) and motor cortex (Brecht et al., 2004; Kerr et al.,
2005). After eye-opening, the ongoing spontaneous cortical activity is not a simply noise on
which sensory responses are superimposed, but it has an essential role for encoding stimulus-

evoked sensory information (Anderson et al., 2000). For example, the spontaneous
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depolarization during the Up states enhanced the visual responsiveness of cortical neurons to
stimuli of varying contrasts (Haider et al., 2007). Also, a set of dynamically switching cortical
states can emerge during the ongoing spontaneous cortical activity, many of which correspond
to orientation maps in the visual cortex (Kenet et al., 2003). In the rodent somatosensory
cortex, the sensory responses during the Up states depend on the features of the whisker
stimulation (Hasenstaub et al., 2007). Brief whisker stimuli evoke postsynaptic potentials
containing a greater proportion of inhibition and the sensory responses are inhibited. In
contrast, the prolonged and variable whisker stimulation during network activity increases the
overall cortical responsiveness, dynamic range, and correlation between action potential
response and speed of whisker movement (Hasenstaub et al., 2007). Thus, neuronal activity
during Up-Down states can influence in a complex manner the responsiveness of cortical

neurons to various sensory stimulations.

5.4. Maturation of Neuronal Responses to Light Stimulation in the

Mouse Visual Cortex

Besides the characterization of the spontaneous activity patterns, the features of
neuronal Ca** responses to light stimulation in the superficial layer 2/3 of the mouse visual
cortex were also studied here in vivo during development. Neuronal Ca** responses to light
flash stimulation could be recorded already one week after birth, as early as P8, at the time
when the mouse’s eyelids are still closed. At this age, the large majority of photoreceptors in
the mouse’s retina are differentiated (Young, 1985) and the retinogeniculate projections are
by now separated into eye-specific regions in dLGN (Godement et al., 1984). The latencies of
visual responses through the closed eyelids were very long compared to the ones after eye-
opening. The long latencies are likely to originate from the deficit of myelination, which
begins in the optic nerve of mice around P7 and progressively increases thereafter (Foran and
Peterson, 1992).

Previous studies had shown that visual responses can be elicited through the closed
eyelids in kittens (Huttenlocher, 1966, 1967) and in ferrets (Krug et al., 2001; Akerman et al.,
2002). In the ferret before eye-opening, many cortical, but not geniculate, neurons show
selectivity to the orientation of gratings presented through closed eyelids, selectivity which
improves with age (Krug et al., 2001). Moreover, dark-rearing of ferrets before eye-opening
affects the normal segregation of On and Off inputs in the retinogeniculate pathway,

indicating that visual experience through closed eyelids is developmentally important
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(Akerman et al., 2002). Thus, in the mouse visual system, like in the ferret visual system, the
responses through unopened eyelids could pattern neuronal activity and consequently provide
developmentally relevant information for the refinement of functional connections.

Blockade of NMDA receptors in young animals 2 to 3 weeks old abolished the
neuronal Ca** responses to light flash stimulation. Data obtained by other groups also showed
that intracortical infusion of APV, a blocker of the NMDA receptor, profoundly suppressed
the responses to visual stimulation (Fox et al., 1989), or disrupted the experience-dependent
plasticity and the development of orientation selectivity (Kleinschmidt et al., 1987; Bear et al.,
1990) in the kitten striate cortex. Altogether, these data indicate that NMDA receptor
activation is required for the experience-dependent development of the visual cortex.

In the immature animals prior to eye-opening, the flash responses in cortical neurons
were difficult to be elicited, but when they were present they encompassed the majority of
neurons. The fraction of activated neurons by one light flash decreased as maturation
progressed, similar to the decrease in neuronal activation during the spontaneous activity.
The beginning of the sparse mode of activity of layer 2/3 neurons in the visual cortex around
the end of the third postnatal week, that is one week after eye-opening, coincides quite well
with the time point at which mice start to exhibit a refined visual performance. Thus, in
elegant behavioral experiments Prusky and colleagues (Prusky et al., 2004) have shown that
after eye-opening the visual acuity in mice improves steeply, reaching adult type-levels within
about 8-10 days.

The important question which arises is what developmental significance has the
sparsification process? Sparse coding in the primary visual cortex during natural vision has
been proposed based both on the theoretical and experimental evidence (Vinje and Gallant,
2000; Olshausen and Field, 2004). This ‘sparse coding’ refers to the fact that neurons might
encode sensory information using a small number of active neurons at any given point in
time. This strategy could possibly confer several advantages. Sparse representations as a
model of sensory signaling provide a means of efficiently forming associations and storing
memories, and all of this is achieved using relatively small amounts of energy (Olshausen and
Field, 2004).

In conclusion, two distinct forms of neuronal activity (spontaneous and light evoked)
in the mouse visual cortex during development were identified. Before eye-opening, a dense
mode of neuronal activity may primarily underlie the coarse wiring of remote brain regions.

After eye-opening, sparse spontaneous activity, in concert with sparse coding of stimulus-
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evoked activity may be the basis for the feature-selective activation of individual cortical

neurons (Quiroga et al., 2005).
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One of the challenges for modern neuroscience is to understand the rules of concerted neuronal function in vivo. This question can
be addressed using noninvasive high-resolution imaging techniques like two-photon microscopy. This protocol describes a versatile
approach for in vivo two-photon calcium imaging of neural networks, stained with membrane-permeant fluorescent-indicator

dyes. It is based on a targeted pressure ejection of the dye into the tissue of interest and can be used for a large spectrum of
indicator dyes, including Oregon Green 488 BAPTA-1 acetoxymethyl ester and Fura-2 acetoxymethyl ester. Through the use of dye
mixtures and multicolor imaging, this technique allows the visualization of distinct neurons and glial cells up to 500 pm below
the brain surface. It is suitable for staining the brain tissue of various different species (e.g., mouse, rat, cat and zebrafish) at

all developmental stages. When combined with brain microendoscopy, it allows the monitoring of intracellular calcium signals

in awake, behaving animals. The total time required to carry out the protocol, including dissection and cell staining, is ~2 h.
Thereafter, imaging experiments might be performed for at least 6 h.

INTRODUCTION

This protocol describes an approach for in vivo two-photon
Ca?" imaging of large neuronal circuits at a single-cell level of
resolution. Cells are stained by a brief ‘bolus’ injection of a mem-
brane-permeant Ca?*-indicator dye into the extracellular space
(Fig. 1). The injected dye diffuses into the cells of interest, where
it is hydrolyzed by intracellular esterases'. The activity-depen-
dent Ca?" transients in stained cells are then monitored using
two-photon laser-scanning microscopy. This approach was ini-
tially developed for in vivo imaging of the mouse cortex, and is
termed multicell bolus loading (MCBL)2. Over the past years, it
has been successfully applied to the cerebral and cerebellar cor-
tices of other species, such as rats and cats>°. Interestingly, the
same staining protocol is applicable to lower vertebrates and was
used, for example, for in vivo imaging of the spinal cord’, olfac-
tory bulb® and tectal® neurons in zebrafish larvae.

MCBL differs from other staining methods utilizing mem-
brane-permeant acetoxymethyl (AM) ester-based indicator
dyes'®!! in that the indicators are delivered for a short period
directly to the target cells (see also the method of Regehr and
Tank!2). The targeted delivery minimizes the loss of the dye
due to diffusion, nonspecific and/or glial uptake, and so on.
MCBL can be applied at various developmental stages (Fig.
2). Remarkably, there is also efficient staining of neurons in
the adult and aged brain. This is in contrast to the more con-
ventional techniques of AM ester dye loading, which work well
only in the immature tissue!?. Additional advantages of MCBL
include the need for only minor surgery, the possibility of re-
staining neurons and, thus, the ability to conduct long-lasting,
perhaps even chronic, recordings!>.
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While MCBL allows many cell bodies to be imaged simulta-
neously, the method is not sensitive enough to be used for the
analysis of subcellular structures. There are two obvious reasons
for this reduced sensitivity. First, the image contrast is reduced
due to the relatively high background staining of the surround-
ing neuropil. Second, the dye concentration in MCBL-loaded
cells is low, on average 20 pM of the indicator dye?. These limi-
tations restrict the use of MCBL to in vivo imaging of somatic
Ca’" transients. Note, however, that Ca?*-indicator dyes also
act as Ca’" buffers, the presence of which within the cells per-
turbs the amplitude and kinetics of the Ca?" signals under
study!4. From this point of view, low intracellular levels of indi-
cator dyes (such as those achieved using MCBL) become an
advantage.

To study neuronal Ca’>" dynamics in awake, behaving ani-
mals, the MCBL technique was recently combined with in vivo
brain endoscopy'®. A thin (diameter, 200 pm) optical fiber was
implanted into the brain area with cells stained using MCBL.
The optical fiber was used both for transmitting the excitation
light and for collecting the emitted light. The authors detected
fluorescence signals with a single photomultiplier and, thus,
monitored the compound activity of a large neuronal popu-
lation. Such an optical fiber can be implanted at any desired
depth, allowing the detection of calcium responses in deep
and/or hidden brain regions. This approach can be developed
further by substituting a single optical fiber with fiber bundles
and/or gradient refractive index (GRIN) fibers'®. Such new
approaches might soon allow the monitoring of behavior-relat-
ed Ca?" signals in individual neurons of any brain region.
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MATERIALS

REAGENTS

+ Experimental animals (see REAGENT SETUP)

+ Anesthetic agent (e.g., isoflurane, ketamine/xylazine or urethane)

+ Local anesthetic agent (e.g., lidocaine)

* Membrane-permeable calcium-indicator dye (e.g., Oregon Green 488
BAPTA-1 AM (OG-1 AM), Calcium Green-1 AM, Fura-2 AM, Fura-PE3
AM, Fluo-4 AM or Indo-1 AM from Molecular Probes or TefLabs)

+ Sulforhodamine 101 (SR101; Sigma)

+20% Pluronic F-127 in DMSO (e.g., 2 g Pluronic F-127 in 10 ml DMSO;
Sigma) ! CAUTION Strong detergent; skin, eye and respiratory system
irritant. Wear suitable protective clothing

« Standard pipette solution: 150 mM NaCl, 2.5 mM KCl and 10 mM HEPES

« Standard external saline: 125 mM NaCl, 4.5 mM KCl, 26 mM NaHCO;,
1.25 mM NaH,PO,, 2 mM CaCl,, 1 mM MgCl,, 20 mM glucose, pH 7.4,
when bubbled with 95% O, and 5% CO,

+ Low melting point agarose (Invitrogen GmbH)

EQUIPMENT

* Recording chamber with central access opening: custom-made from a
standard tissue-culture dish (diameter, 35 mm?)

+ Glass capillaries (e.g., from Hilgenberg GmbH)

* Pipette puller (e.g., PP830 from Narishige)

+ Brain atlas (e.g., from Academic Press)

+ Surgical equipment, including a stereotaxic instrument, drill and
warming blanket to ensure a constant body temperature; available from
many providers (e.g., TSE-Systems)

+ LN-Mini manipulator (Luigs & Neumann GmbH)

+ Picospritzer IT (General Valve) or pneumatic drug-ejection system (NPI)

+ Patch-clamp amplifier (e.g., from HEKA)

+ Two-photon laser-scanning microscope commercially available from
several providers (e.g., Zeiss)

« Felt polisher (e.g., from Dr. Thde Dental)

PROCEDURE
Preparation

PROTOCOL |

+ Cyanoacryl glue (available from many providers; e.g., UHU GmbH)

« Millipore filter (Millipore)

REAGENT SETUP

Experimental animals So far, the protocol has been tested in mice, rats,
cats and zebrafish. ! CAUTION All experiments must be performed in
accordance with the relevant authorities’ guidelines and regulations.
EQUIPMENT SETUP

Anesthesia unit Including a chamber for pre-anesthetic medication, a flow
meter and a vaporizer (the latter items are for volatile anesthetic agents
only). Consult the literature (e.g., ref. 17) for the best choice of anesthesia
for each species.

Anesthesia-monitoring system Used to measure the blood pressure,
arterial oxygen concentration, body temperature, and respiratory and
pulse rate of the animal. The monitoring equipment is available from
many providers, but it is not always suitable for small laboratory animals
(e.g., mice and neonatal rats). We use equipment from ADI Instruments
to monitor the respiratory and pulse rate, body temperature and blood
pressure in mice.

Manipulator and pressure-application device To inject the staining
solution into the brain we use the LN-Mini manipulator and either
Picospritzer II or the pneumatic drug-ejection system.

Patch-clamp amplifier Used to monitor the resistance of the pipette
during dye injection. Monitoring of the pipette resistance is not
mandatory, but is advisable because it allows pipette clogging to be
recognized and the point when the pipette reaches the surface of the cortex
to be estimated.

Two-photon laser-scanning microscope We use a custom-built
microscope based on a mode-locked laser system operating at 710-920
nm wavelength (MaiTai, Spectra Physics) and a laser-scanning system
(Fluoview, Olympus) coupled to an upright microscope (BX51WI,
Olympus). Such a custom-built system can be assembled following the
instructions in refs. 18,19.

Brain atlas Used to obtain stereotaxic coordinates of the respective brain
region (for example, see refs. 20,21).

1| Anesthetize the animal and place it onto a warming blanket (38 °C) in front of the oxygen supply??. Affix the sensors

of the anesthesia-monitoring system. Ensure that the surgical level of anesthesia has been reached (e.g., by testing the
pinch withdrawal and the eyelid reflex). We anesthetize mice by inhalation of isoflurane (1-1.5% (vol/vol) in pure 0,).
Alternatively, adult mice can be anesthetized with either ketamine/xylazine or urethane (0.1/0.01 and 1.9 mg per g body

weight, respectively, i.p.).

Figure 1 | Experimental arrangement for in vivo
staining of neuronal populations with Ca?+-
indicator dyes. (a) A custom-made recording
chamber is glued to the skull to allow head
fixation and the use of a water-immersion
objective. The chamber is perfused with warm
(37 °C) standard external saline. Two small
craniotomies are performed: one for the insertion
of the staining-patch micropipette (obligatory)
and one above the field of view for improvement
of the imaging depth (optional). Cells, stained
using MCBL, are shown in green. The stained area
has a diameter of 200-400 pm. Modified from
ref. 2. (b) Photograph of the recording chamber
(upper panel) and schematic drawing of its cross-
section (lower panel). Note that a circular region
around the perforation is thinned to fit the
curvature of the animal’s skull.
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2| Use a stereotaxic device to identify the location of
the brain area of interest. Inject ~ 50 pl local anesthetic
agent (e.g., 2% lidocaine; 20 mg lidocaine in 1 ml standard
external saline) subcutaneously at the location where the
skin is to be removed (optional).

3| Remove the skin above the desired brain area. Decide
whether to image through the skull; the stability of the
preparation is higher when imaging through the skull (lower
impact of heart beat and breathing artifacts), but the
efficiency of photon detection is higher when the skull is
removed (images are crisper and imaging depth is greater).

4| Thin the skull and polish it with a felt polisher. Imaging
through the thinned skull provides optimal results when the
skull is thinned down to 10-20 pm2. We suggest stopping
thinning as soon as the bone bends when gently touched
with the tweezers. If the skull is to be removed, less thinning
is necessary.

A CRITICAL STEP The skull thinning must be performed as
gently as possible; never press onto the skull. Inaccurate
thinning often causes brain damage.

Newborn (P8)

Adult (2 month old)

Aged (1-y-old)

Figure 2 | MCBL allows staining of cortical tissue at various developmental
stages. The microphotographs illustrate layer 2/3 cells in the visual cortex
of mice at different ages. Cells were stained using 0G-1 AM and images were
taken using a 60x Nikon water-immersion objective (1.0 NA).

5] Use cyanoacryl glue to adhere the custom-made recording chamber to the skull.

6| Transfer the animal into the recording set-up (we use a set-up similar to that described in ref. 23, equipped with a
two-photon laser-scanning microscope; see above) and place it onto a warming blanket (38 °C). Affix the sensors of the
anesthesia-monitoring system. If necessary, adjust supply of anesthetic to keep physiological levels of monitored parameters.

A CRITICAL STEP The quality of recordings critically depends
on the good condition of the experimental animal. Therefore,
starting now, continuously monitor the following vital
parameters: respiratory and pulse rate, body temperature,
arterial oxygen concentration and blood pressure.

7| Perfuse the recording chamber with a warm (37 °C)
standard external saline.

8| Perform a craniotomy above an area devoid of large
blood vessels. This should be small (0.5 mm) for imaging
through the skull and larger (or two small craniotomies
should be performed near each other; Fig. 1) for ‘open-
access’ imaging.

A CRITICAL STEP Do not remove the dura mater; removal
is not required for cell staining and strongly enhances
movement artifacts. The stability of recordings also
critically depends on the diameter of the craniotomy.
Thus, openings larger than 1 mm in diameter are often
accompanied by large movement artifacts occurring at the
heartbeat frequency.

Staining neurons with a calcium-indicator dye

9| Dissolve AM ester of the preferred indicator dye (e.g.,
0G-1 AM) in the solution containing 20% Pluronic F-127
in DMSO (e.g., 2 g Pluronic F-127 in 10 ml DMSO0) to yield
a dye concentration of 10 mM. Dilute this solution 1/10
to 1/100 with the standard pipette solution to prepare the
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a Intact tissue b Damaged tissue

Layer 1

Layer 1

e 52

Layer 2/3

Layer 2/3

Figure 3 | Assessment of the staining quality. (a,b) High-magnification
images of cells in layer 1 (upper panels) and in layer 2/3 (lower panels)
taken at two different locations in the visual cortex of a 64-d-old mouse.
Both areas were stained using the same protocol, but in (b) a large brain
vessel was damaged prior to staining.
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Figure 4 | Spontaneous Ca®* transients in the visual cortex of an adult mouse. Adult (6-month-old)
Spontaneously occurring Ca?* transients (lower panel) in seven individual layer
2/3 neurons, marked with corresponding numbers in the upper panel. Data are
derived from a series of time-lapse images recorded at 10 Hz.

staining solution. The same recipe is used to dissolve other
Ca®*-indicator dyes (e.g., Fura-2 AM, Fluo-4 AM, Calcium
Green-1 AM, Indo-1 AM, Fura-PE3 AM, Fura Red AM and
Magnesium Green AM)?7,

A CRITICAL STEP Note that the standard pipette solution
(a simplified Ca?*-free Ringer’s solution) is designed to
minimize precipitation of the dye. Filter the staining
solution if necessary (we use a Millipore filter with a pore
diameter of 0.45 pm).

? TROUBLESHOOTING

10| Pull a staining micropipette from a glass capillary
using a pipette puller (we use standard-patch pipettes with
a resistance of 6-9 MQ when filled with standard pipette
solution). Fill with staining solution. Insert the pipette
into the cortex (under an angle of, for example, 30°) while
monitoring the pipette resistance with a patch-clamp
amplifier. The pipette resistance can increase slightly (up
to 15 MQ) when penetrating the dura mater, but must
decrease to the initial level either immediately thereafter
or, at the latest, upon the application of ejection pressure
(see below). Advance the pipette along its axis until it
reaches the desired depth (Fig. 1). With the dye-application pipette located 150-200 pm below the cortical surface, all
cortical cells between the surface and a 400-um depth are stained?. For staining the cells in deeper cortical layers, the
pipette is positioned 650-750 pm below the pia3. Apply a pressure pulse (1 min, 70 kPa) to eject ~400 femtoliters staining
solution near the cells of interest (see ref. 3 for the slightly modified protocol for labeling deep cortical layers). Remove
the pipette.

B PAUSE POINT Wait ~1 h to obtain a stable maximal fluorescence level in stained cells2. This protocol yields a stained
area with a diameter of 200-400 pm.

Juvenile (P38) IE Cell1 TE cell2

; g 10.2 AFIF
Trial 1 et sbimismtoiv b rscntos el T rsdasissmpnn
Trial2 e — 4 ,MW
IR —— - Al i cumamagasrariss
Scan line _ |8 Trial 4 ewaaei *-“ e NI mmpmmwm
T Trial 5 s . R et
Trial 6 ewaminm i EPTOUN Y . VP Y

Trial 7 etk i WO SR

Figure 5 | Ca?* transients in the individual cortical neurons evoked by sensory stimulation. Line-scan recordings of Ca®* transients (sampled at 200 Hz; right
panel) in two layer 2/3 neurons of the mouse visual cortex marked with the respective numbers in the left panel. The vertical broken line in the right panel
marks the beginning of a brief (100 ms) light flash. Note that whereas cell 2 responded reliably to this stimulus, no responses were seen in the neighboring
cell 1, which instead exhibited frequent spontaneous Ca?* transients.
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Figure 6 | Double staining and depth profile.
(a) Microphotographs of layer 2/3 cells in the
mouse visual cortex (30-d-old mouse) stained
simultaneously using a dye mixture containing
0G-1 AM and the glial marker SR101. The
fluorescence of 0G-1 AM was directed to the
green channel (left) and the fluorescence

of SR101 was directed to the red channel
(middle). The merged image on the right shows
neurons in green and glial cells in yellow.

(b) Microphotographs of the visual cortex of a
juvenile (32-d-old) mouse taken at different
depths. The excitation light's pulse width under
the objective was optimized by compensating
group-velocity dispersion with a pair of
prisms?8,

Two-photon imaging of stained cells
11| Choose the wavelength of the
excitation light (depends on the
indicator dye used). Consult ref. 24
for two-photon excitation spectra

of common Ca2*-sensitive dyes.
Excitation light of 800 nm can be used
for the initial visualization of neurons

a Double staining
0G-1 AM SR 101

b Depth profile
230 pm 350 ym 480 pm

stained with the following indicator dyes: Fura-PE3 AM, Fura Red AM, Indo-1 AM, Calcium Green-1 AM, 0G-1 AM, Fluo-4 AM

and Magnesium Green AM.

12| Check the average power of the excitation light under the objective (must be at least 50-70 mW). Reduce the
excitation power to the minimum and focus the objective (for example Nikon, 60x, numerical aperture (NA) 1.0, water
immersion) of the two-photon microscope onto the brain surface. Raise the excitation power carefully (to avoid dye
bleaching) and inspect the upper cortical layers using high-resolution settings (frame rate, 1 Hz). The following structures
become clearly visible: large epithelial cells on the top of the cortex; layer 1 cells up to the depth of 100-200 pm,
depending on the age of the animal (Fig. 3a, upper panel); and layer 2/3 cells (Figs. 2-7). When imaging through the

a Stained with 100 pM OG-1 AM Stained with 1 mM OG-1 AM ¢ d
T — 1mMOG-1AM 144
Example 1 Example 1 — 0.1 mM OG-1AM "
= z w1
| | | é 1.0+
S 0.8+ L
8
éﬂ 0.4 -
]: o 024
T T T [l |r| 00-—= . —
0 1 2 3 01mM  1mM
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Example 2

Decay-time constant (s)

Figure 7 | MCBL using a low concentration of the indicator dye. (a,b) High-
magnification images of layer 2/3 cells taken from neighboring locations in
the visual cortex of two different animals. Cells stained with 100 pM 0G-1
AM are shown in the panels on the left, whereas cells stained with 1 mM
0G-1 AM are shown in the panels on the right. (c) Normalized histograms
showing the distribution of decay-time constants of spontaneous Ca%*
transients in cells stained with 1 mM 0G-1 AM (black) and 100 pM 0G-1

AM (red), respectively. (d) Bar graph illustrating the mean values of the
respective decay-time constants.
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thinned skull, individual cells can be well resolved up to 250 um below the cortical surface. Removing the skull above the
imaging field further improves depth resolution. The maximal depth at which individual cells can be resolved depends on
the shape and density of cells, the density of blood vessels in the imaged region and the age of the animal. In juvenile
and young adult animals, the depth limit for single-cell imaging in the cortex is ~500 pm (Fig. 6b; consult ref. 25 for
optimization of the imaging depth). In general, all cells in the preparation are stained; the only dark areas correspond to
blood vessels, which are easily identified when focusing through the tissue. Furthermore, characteristic astrocytes often
surround the blood vessels (see below).

? TROUBLESHOOTING

13| Monitor Ca®* transients of interest, for example, with a frame rate of 10 Hz. Use online brightness-versus-time analyses
to monitor photobleaching. Adjust excitation power to levels just below the bleaching ‘threshold’ Use a commercially
available software package for collection of time-lapse images and online data analyses.

? TROUBLESHOOTING

@ TIMING

Dissection (Steps 1-8), 1h

Staining (Steps 9-10), 1h

Imaging (Steps 11-13), at least 6 h

? TROUBLESHOOTING
See Table 1.

TABLE 1 | Troubleshooting table.

PROBLEM

SOLUTION

Step 9: the staining patch micropipette
gets clogged

Step 12: cells are not, or are only
poorly, stained

Step 13: recording conditions are
unstable; occurrence of high-frequency
vibrations of cells and/or slow drift of
the plane of focus

Clean glass capillaries used to manufacture the pipettes; dissolve Ca2*-indicator dyes
immediately before use; filter the staining solution before use (e.g., with a Millipore filter;
pore diameter, 0.45 pm)

There are two likely scenarios, either (i) the tissue is intact but the dye delivery failed, or (ii)
the tissue is damaged (Fig. 3); for (i) monitor the pipette resistance during dye injection

(a value above 20 MQ indicates that the pipette is clogged); for (ii) check the anesthesia
monitoring parameters, try to thin the skull as gently as possible, avoiding damage to large
blood vessels, and increase the speed of dissection and staining (the latter should be
accomplished in less than 2 h)

These problems are more profound when the skull is removed; cover the skull opening with
2% low melting point agarose (e.g., 20 mg in 1 ml standard external saline) and keep the
temperature of the external saline stable (with a precision of 0.1 °C); the high-frequency
vibrations are usually the result of heart-beat pulsation (compare with measurements of the
anesthesia-monitoring system) and are more profound in regions with a high density of
blood vessels

ANTICIPATED RESULTS

Figures 2-5 illustrate MCBL-stained layer 2/3 cells in the visual cortex of mice of different ages. At each age, stained
cortical neurons show spontaneous (Fig. 4) as well as light-evoked (Figure 5) Ca?* transients. Data shown in Figure 4 are
derived from a series of time-lapse images recorded at 10 Hz. Light-evoked responses in Fig. 5 were recorded as a series
of line scans at 200 Hz. Note that in each case, the signal-to-noise ratio is sufficient to allow individual non-averaged
somatic Ca%* transients to be distinguished clearly from the background. As was shown by Kerr et al.? in rat somatosensory
cortex, spontaneous Ca2* transients reflect action-potential firing. Also, in the mouse visual cortex, both spontaneous
(Fig. 4) and light-evoked (Fig. 5) Ca?* transients required firing of action potentials (0.G. and A.K., unpublished

observations).

As mentioned above, the MCBL technique is not cell-type specific. It provides a relatively homogeneous staining of
different cell types (although glial cells are generally brighter than neurons). An identification of the various cell types
can be achieved using additional markers (e.qg., cell-type specific expression of green fluorescent protein) and multicolor
two-photon imaging. A versatile approach for distinguishing between neuronal cells and astrocytes was developed by
Nimmerjahn et al.? and is based on the use of the astrocyte-specific marker SR101, which emits fluorescence light at
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wavelengths (550-750 nm) that are significantly longer than those of common Ca?* indicators. For targeted SR101
staining, we modify the protocol of Nimmerjahn et al.5. We dilute 1 mg SR101 in 4 ml standard pipette solution and use it
to dilute the concentrated solution containing 10 mM Ca®* indicator (Step 9). The combined staining cocktail, containing
SR101 and the Ca®*-sensitive dye, is then injected into the brain (Step 10). This results in a good loading of neurons and
glia cells with the Ca?* indicator, and specific staining of glia cells with SR101 in the same brain region (Fig. 6a).

The MCBL technique was originally designed to apply 400 femtoliters of the concentrated Ca?*-indicator dye-containing
solution (yielding a final pipette concentration of the dye of 1 mM). Because membrane-permeant Ca®*-indicator dyes are
dissolved in DMSO, the staining solution also contained 10% DMSO (vol/vol). Although similar and/or higher detergent
concentrations are routinely used to stain intact tissues with indicator dyes!':26-27, we recently found that such a high
dye/detergent concentration is not needed. As shown in Figure 7a,b, the MCBL protocol can provide high-quality staining
of the mouse cortex with 100 pM 0G-1 AM and 1% DMSO (vol/vol)-containing pipette solution. However, the use of the
lower dye concentration imposes higher demands on the quality of preparation. The time constants of spontaneous Ca%
transients were, on average, 0.81 £0.04 s (n = 123) in cells stained with 100 pM 0G-1 AM and 1.10 £0.08 s (n = 88)
in cells stained with 1 mM 0G-1 AM (Fig. 7c,d). This similarity suggests that the intracellular indicator levels obtained
with 100 uM 0G-1 AM-containing staining solutions are nearly as high as those reached with 1 mM 0G-1 AM-containing
solutions (in the range of 20 pM?).
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Abstract The precise understanding of the cellular and
molecular basis of brain function requires the direct
assessment of the activity of defined cells in vivo. A
promising approach for such analyses is two-photon
microscopy in combination with appropriate cell labeling
techniques. Here, we review the multi-cell bolus loading
(MCBL) method that involves the use of membrane-
permeant fluorescent indicator dyes. We show that this
approach is useful for the functional analysis of clusters of
neurons and glial cells in vivo. Work from our and other
laboratories shows that the techniques that were previously
feasible only in brain slices, like targeted patch clamp
recordings from identified cells or pharmacological manip-
ulations in confined brain regions, can now be used also in
vivo. We also show that MCBL and two-photon imaging
can be easily combined with other labeling techniques,
particularly with those involving the use of genetically
encoded, green-fluorescent-protein-based indicators. Final-
ly, we examine recent applications of MCBL/two-photon
imaging for the analysis of various brain regions, including
the somatosensory and the visual cortex.
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Introduction

Our understanding of the function of neural circuits in situ
has benefited greatly from data obtained using two versatile
techniques that were introduced 25 years ago: (1) the ‘giga-
seal” whole-cell patch clamp technique [1] and (2) the use
of fluorescent indicator dyes [2]. Thus, neural networks in
culture and/or brain slices are often studied either by means
of Ca*" imaging (after staining the cells with membrane-
permeant Ca®" indicator dyes; for review see [3]) or by
means of simultaneous patch-clamp recordings of
connected neurons (for review, see [4, 5]). With the
development of two-photon laser scanning microscopy
[6], such studies became feasible even in vivo in anesthe-
tized and, potentially, also in awake animals.

The initial in vivo studies combined two-photon calcium
imaging with microelectrode [7, 8] or whole-cell patch-
clamp [9, 10] recordings. The microelectrodes or the patch
pipettes were used not only for recording electrical signals
from the cells of interest, but also, and equally important,
for filling the cells with a calcium indicator dye, thus
allowing high-resolution Ca®" imaging in neurons and their
processes. The use of membrane-permeant Ca** indicator
dyes in vivo was introduced by Stosiek et al. [11]. This
technique, termed multi-cell bolus loading (MCBL), en-
abled the targeted labeling of intact neuronal circuits in the
living animal. The technique is applicable in various
neuronal tissues and in a variety of species from lower
vertebrates to mammals [12—18]. When combined with
appropriate detection techniques, like two-photon laser
scanning microscopy and/or brain endoscopy [19, 20], it
allows the monitoring of both the ‘macroscopic’ function of
brain circuits [20] and the ‘microscopic’ behavior of
individual cells [11, 13]. In this paper, we review recent
data obtained with high-resolution in vivo Ca®" imaging of
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neural circuits. We provide some new technical aspects of
cell staining, describe approaches used to identify different
cell types, and illustrate new applications arising from the
combination of MCBL with other techniques.

The MCBL approach

Figure la illustrates an experimental arrangement used for
in vivo MCBL. A dye ejection pipette, similar to those
used for patch clamp recordings, containing a concentrat-
ed solution of a Ca®" indicator dye (for example, Oregon

a Mode-locked c

laser light
800 nm,
80 MHz, <100 fs

Dye ejection
pipette

:  Water immersion
: objective

Recording
chamber

Cortex, mouse

Cortex, rat

Cortex,cat

Green 488 BAPTA-1 acetoxymethyl ester [OG-1 AM]) is
inserted into the brain through a small skull opening, and
the dye is pressure-e¢jected into the brain area of interest.
Within the brain, the dye diffuses into the cells and
becomes hydrolyzed by endogenous esterases [2]. This
procedure results in a rather uniform staining of cells
within the targeted area (Fig. 1b). Originally we used
1 mM of the indicator dye for the pressure ejection [11].
Recent data, however, have shown that a dye concentra-
tion of 100 uM often produces similarly good results [21].
Other groups adapted our technique and used similar
recipes for in vivo staining of cortical neurons in rats and

e

Cerebellum, rat

f

Spinal cord, Zebrafish

Fig. 1 MCBL enables in vivo staining of neural networks in different
species. a Schematic drawing of the experimental arrangement.
Reproduced, with permission from Macmillan Publishers Ltd, from
[21]. b—f In vivo images of stained cells in the cerebral cortex of a mouse
(b), a rat (c), and a cat (d), as well as in the rat cerebellum (e) and in the
spinal cord of a zebrafish larva (f). The cells in b—e were stained with
OG-1 AM and those in f with Fura PE3 AM. All images were obtained

@ Springer

using two-photon laser scanning microscopy and are reproduced (with
permission from Macmillan Publishers Ltd; National Academy of
Sciences USA, copyright 2003, 2005; and the American Physiological
Society) from references [11, 13, 15, 16], respectively. Note that both
dyes stained all structures within a respective tissue; the only dark areas
correspond to many small and one large b brain vessels. Here and below,
all imaged preparations were stained using MCBL
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cats (Fig. lIc and d; [13]) and for dye labeling of rat
cerebellar neurons (Fig. le; [15]). As already mentioned,
the staining protocol is also applicable in lower verte-
brates and was used, for example, for staining neurons in
the spinal cord (Fig. 1f; [16]), olfactory bulb [17], and
tectum [18] of zebrafish larvae. Interestingly, unlike other
common protocols for labeling brain tissue with AM
esters of Ca”" indicator dyes [22], MCBL-based staining
shows little age dependence and can be used not only for
staining newborn and juvenile tissues but also for staining
adult and even aged tissues [21].

Figure 2a shows the time course of an MCBL-based
staining of the mouse visual cortex with Fura PE3 AM. The
left panel of Fig. 2a illustrates a very early time point,
immediately after dye ejection, in which the dye is located
extracellularly. Within a few minutes, the dye starts to
accumulate in the cells and is gradually removed from the
extracellular space (Fig. 2a, middle and right panel). This
removal process is the result of the cellular uptake of the
dye and, importantly, the clearing of the extracellular space
by the vascular system. To estimate the kinetics of the
removal process, we pressure-ejected the membrane-imper-
meant fluorescent dye Alexa Fluor 594 into the mouse
cortex and monitored its removal by the use of two-photon
imaging (Fig. 2b). The removal process had a double
exponential time course, with the mean decay time constants
of 2.3£0.1 and 13.3+£0.7 s (n=33 samples), respectively
(Fig. 2c and d). In conclusion, dye removal from the
extracellular space under in vivo conditions is very efficient
and rapid, contributing to the good contrast between stained
cells and the surrounding tissue.

Identification of different cell types in vivo

The MCBL procedure leads to the staining of virtually
all cells in the targeted brain area. Although glial cells
tend to accumulate higher concentration of indicator
dyes [11, 23], their unequivocal identification requires the
use of a specific marker and multicolor imaging. It was
recently reported that glial and neuronal cells can be
easily separated in vivo by using the specific glial marker
sulforhodamine 101 [14]. Sulforhodamine 101 emits light
in the red portion of the spectrum, and, therefore, it can be
easily used in combination with any common Ca®"
indicator (e.g. OG-1 AM, Fura 2 AM, etc.). Glial cells
stained both with OG-1 AM and sulforhodamine 101
appear yellow on the merged image (Fig. 3a), while
neurons stained with OG-1 AM only appear green. To
simplify and speed-up the staining procedure, we co-
ejected both indicator dyes from the same pipette and

simultaneously labeled the cells with sulforhodamine 101
and OG-1 AM [21].

Although separation of neurons and glial cells can be
easily achieved, it is still rather difficult to discriminate
between different types of neurons. One method of cell-
type-specific labeling involves the use of mutant mice
expressing a specific fluorescent marker as, for exam-
ple, enhanced green fluorescent protein (EGFP).
This genetically encoded indicator was used in a va-
riety of transgenic mice to mark GABAergic inter-
neurons in general [24, 25], as well as parvalbumin- [26]
or somatostatin-positive (Fig. 3b; [27]) interneuronal
subtypes. Figure 3b shows an example of an EGFP-
labeled somatostatin-positive GABAergic cell (blue) in
the mouse visual cortex stained with OG-1 AM (green).

A certain degree of cell specificity can also be achieved
when using MCBL and confining dye delivery, as good as
possible, to specific anatomical subregions. For example,
for studying Ca®" signals in the dendrites of layer 5
pyramidal neurons of the rat motor cortex (Fig. 3c), Kerr
et al. [12] ejected the indicator dye at the level of layer 5
(650-750 um below the pia). One hour after dye ejection,
the dendrites of layer 5 cells became discernable at the level
of layer 2/3 and were studied using two-photon imaging.

Targeted whole-cell patch clamp recordings
in MCBL-stained tissues

Originally, in vivo whole-cell patch clamp recordings in
the mammalian brain were introduced as a ‘blind’
approach [28-31]. Thereby, the patch pipette is placed
in the brain area of interest (e.g. within a given cortical
area at a given depth) and is then slowly advanced
forwards to hit a cell on its way. This approach gives
good results if one aims at recording from any cell
belonging to an abundant cell population. For recordings
from cells belonging to a specific subclass of neurons,
Margrie et al. [32] introduced a few years ago the so-
called two-photon targeted patching approach. This
procedure combines whole-cell patch clamp recordings
with in vivo two-photon imaging of EGFP-positive
neurons. An EGFP-positive neuron and a patch pipette
filled with a fluorescent intracellular solution are brought
into close proximity under the visual control using two-
photon imaging (see also [33]). This allows in vivo
whole-cell patch clamp recordings from defined cells,
such as, for example, parvalbumin-positive GABAergic
neurons [32]. The basic requirement for the two-photon
targeted patching is the ability to visualize and preselect a
cell of interest before a whole-cell recording configura-
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<« Fig. 2 Removal of extracellular dye molecules by microcirculation. a

Images of layer 2/3 cells in the mouse visual cortex taken in vivo 1, 5,
and 20 min after a bolus injection of Fura PE3 AM. Note gradual
removal of the dye from the extracellular space and an increasing
brightness of individual cells. b In vivo images of the mouse visual
cortex obtained before (/) during (2) and after (3) a 500 ms long
injection of a red fluorescent dye Alexa Fluor 594 into the
extracellular space (upper panel). Merged images on the lower panel
show the fluorescence spot caused by Alexa injection (red) in relation
to individual cortical cells present in this region (stained with OG-1
AM, green). ¢ The time course of the Alexa 594-based fluorescence
transient. Numbers on the trace show the time points at which images
in b were taken. d Three Alexa 594-based fluorescence transients,
each obtained in a separate experiment, covering the entire range of
the kinetics observed

tion is established. As shown in Fig. 4, a similar
procedure can be used with MCBL-based staining. In
these examples, a neuron (Fig. 4a—c) and a glia cell
(Fig. 4d,e) were patched under visual control and
identified based on their morphology and, more impor-
tantly, on how they responded to sulforhodamine 101
staining (Fig. 4d). The electrical responses recorded
subsequently in the whole-cell configuration showed the
behavior characteristic for neurons (Fig. 4b and c; up-

Oregon Green BAPTA-1 AM Sulforhodamine 101

green fluorescent protein

20 pm

Fig. 3 Imaging of identified cell types. a Microphotographs of layer
2/3 cells in the mouse visual cortex stained with MCBL technique
using a dye mixture containing OG-1 AM and a glial marker
sulforhodamine 101. The fluorescence of OG-1 AM was directed to
the green channel (left) and the fluorescence of sulforhodamine 101 to
the red one (middle). The merged image on the right shows neurons in
green and glial cells in yellow. b Microphotographs illustrating OG-1
AM-based staining of layer 2/3 cells (leff) in a transgenic mouse

and-down states [34]) and glia cells (Fig. 4e; [35]),
respectively. In addition to the ability to select cells based
on anatomical and/or molecular markers, MCBL allows to
preselect the cells for targeted patching based on their
calcium signaling properties.

Somatic calcium signaling in vivo requires action
potential firing

By conducting simultancous cell-attached electrical
recordings and two-photon Ca®" imaging in neurons
stained with OG-1 AM in the rat somatosensory/motor
cortex (Fig. 5a), Kerr et al. [12] showed that the
probability of detecting a Ca®" transient associated with
a single action potential is as high as 97%. The
probability of detecting short bursts of two to four action
potentials was even higher, approaching almost 100%. In
vivo Ca®" transients evoked by single action potentials
had mean amplitudes of approximately 10% (Fig. 5b) and
mean decay time constants of 800 ms [12]. Similar results
were also obtained in the mouse visual cortex (O.

Cc
Oregon Green BAPTA-1 AM

Merged

pia

L2/3

expressing EGFP (middle) selectively in somatostatin-positive
GABAergic interneurons. The merged image on the right shows all
cells in green and a somatostatin-positive interneuron in /ight blue. ¢
A side projection of dendrites of layer 5 pyramidal neurons stained
with OG-1 AM. a, ¢ Reproduced (with permission from Macmillan
Publishers Ltd; National Academy of Sciences USA, copyright 2005)
from [12, 21], respectively

@ Springer



390

Pflugers Arch - Eur J Physiol (2006) 453:385-396

Oregon Green BAPTA-1 AM

a

b

Neuron

Glia

Fig. 4 Targeted in vivo patch-clamp analysis using MCBL. a A
microphotograph of layer 2/3 cells stained with OG-1 AM (green
channel, leff). A neuron in the middle of the image was patched with a
pipette containing Alexa Fluor 594 (red channel, middle). The image
on the right is an overlay of the two images. b Whole-cell membrane
potential recordings from the neuron in a. ¢ A histogram of the

Garaschuk and A. Konnerth, unpublished observations).
These in vivo results confirm earlier findings obtained in
brain slices that also showed a strict dependence of
somatic Ca”" signals on action potential firing (Fig. 5c¢;
[36]). Thus, it appears that under in vivo conditions,
dendritic Ca®" signals that involve Ca®" entry through
ligand-gated channels, for example, N-methyl-D-aspartate
(NMDA) receptor channels (e.g. [37]), do not contribute
measurably to Ca®" signals detected in MCBL stained
cells. The minor contribution of these dendritic Ca®"
signals is most probably due to the fact that the dye
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membrane potential measurements in b showing two peaks at =51 mV
(up state) and —62 mV (down state). d An overlay image showing
OG-1 AM stained neurons in green and a patched glial cell filled with
Alexa Fluor 594 in red. Before patching, the cell was labeled with
S101. e Whole-cell recordings of the membrane potential of the glial
cell shown in d

concentration in MCBL stained cells is too low (approx-
imately 20 uM; [11]) for dendritic recordings.

In vivo pharmacology

Although in vivo preparations are, in general, less accessible
for controlled pharmacological manipulations as compared
to cell cultures and tissue slices, there are several different
techniques available for the pharmacological treatment of
brain cells in vivo. Most often, drugs are administrated in
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a

In vivo

In slice

A

Fig. 5 Somatic Ca®" signals in MCBL-stained cells require action
potentials. a Left panel: a merged image of layer 2/3 cells in the rat
somatosensory cortex stained in vivo with OG-1 AM (green) and
sulforhodamine 101 (red). Neurons are green and astrocytes are
yellow. Right panel: a simultaneous recording of action potentials in
the cell-attached configuration (upper trace) and associated Ca*
transients (lower trace) obtained from the neuron in the middle. The

vivo via intravenal or intraperitoneal injections. The drugs
used in such experiments have to be able to cross the blood—
brain barrier; their action is delayed and their concentration
at the site of action is largely unknown. In addition, such
treatments often cause systemic side effects. Therefore, the
systemic drug administration has strong limitations when
studying fast cellular responses. A convenient alternative
method, which is particularly useful when performing
imaging experiments with single cell resolution, is the local
application of drugs directly to the cells of interest (Fig. 6).
In experiments using MCBL, the craniotomy used for dye
loading can be also used for the insertion of an iontopho-
resis or a pressure-application pipette. As shown in Fig. 6¢

cell attached

0.1 nA
10% AF/F

10s

—_—
2

Peak AF/F (%)
N
b

0 1 2 3 4 5
Number of spikes

10.2 AF/F
A >
Glu 1s
|20 mv

position of the patch pipette is indicated by an arrow. b Amplitudes of
in vivo calcium transients plotted as a function of the number of action
potentials detected in simultaneous cell-attached recordings. a, b
Reproduced, with permission from National Academy of Sciences
USA, copyright 2005, from [12]. ¢ Glutamate-evoked Ca®" transients
and corresponding changes in the membrane potential recorded in a
cortical slice obtained from a brain stained in vivo with OG-1 AM

and d, such applications can exert their action in highly
confined brain regions, with a spherical shape and a
diameter of around 100 pum. The use of a recording
chamber, as that illustrated in Fig. la, allows an even
simpler method for drug application. Drugs can be simply
added to preheated artificial cerebrospinal fluid, which is
used for continuous perfusion. This approach is similar to
the bath application of drugs in conventional brain slice
experiments. We found that under in vivo conditions, the
small craniotomy used for MCBL-based cell staining is
sufficiently large to allow an effective access of drugs to
the brain parenchyma. In our experience, water-soluble
drugs (e.g. the NMDA receptor antagonist 2-amino-5-
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Fig. 6 In vivo pharmacology. a
a, b In vivo Ca®" recordings
from layer 2/3 cells of the
mouse somatosensory cortex
stained with OG-1 AM. The
cells (marked with the respec-
tive numbers in the
corresponding image) were
stimulated either with an ionto-
phoretic application of 10 mM
glutamate (a) or with an ionto-
phoretic application of external
saline (b). ¢, d Ca®" transients in
layer 2/3 cells of the mouse
visual cortex (stained with OG-1
AM and marked with
corresponding numbers in c¢)
caused by a local iontophoretic
coapplication of 25 uM Alexa
Fluor 594 and 100 mM gluta-
mate. The circle in ¢ delineates
the area in which glutamate-
evoked Ca®" transients were
detected C

10 mM
Glutamate §

Glu

phosphonopentanoic acid [APV] or the sodium channel
blocker tetrodotoxin [TTX]) start acting within the intact
brain as soon as they are present in the recording chamber
and, thus, within time frames that are comparable to those
observed in brain slices. However, to achieve in vivo drug
effects similar to those observed in slices, a two- to
threefold increase in the concentration of the drug is
required. The use of lipophilic drugs (e.g. the voltage-
gated Ca®" channel blocker nitrendipine or the AMPA
receptor antagonist CNQX) turned out to be more
difficult. The required drug dosages were higher, most
probably because of the poor diffusion properties of these
substances.

Monitoring sensory-driven neuronal activity with single
cell resolution
To this end, MCBL and two-photon imaging were used (a)

for the characterization of spontaneous and sensory-driven
activity in the somatosensory and motor cortices of rats and
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mice (Fig. 7a; [11, 12]), (b) for monitoring light-evoked
responses in the mouse visual cortex (Fig. 7b), and (c) for
the characterization of direction selectivity of the layer 2/3
neurons in the visual cortex of rats and cats (Fig. 7c; [13]).
In zebrafish larvae, the approach was used for the analysis
of light-evoked responses in the optic tectum [18], odor-
evoked activity patterns in the olfactory bulb [17], and air
puff-evoked Ca”" signals in spinal cord neurons [16].

Two-photon imaging studies in rodent primary sensory
cortices have established that the coding of spontaneous as
well as sensory-driven activity in the upper cortical layers
is sparse. Thus, only 10% of neurons participated in the
spontaneous up states in rat somatosensory cortex [12].
Similarly, rather few cells responded to orientations of
moving bars in rat visual cortex [13]. In contrast, the
percentage of responsive cells in cat visual cortex was
rather high, reaching even 100% in some experiments
[13].

Another interesting feature revealed by two-photon
imaging of neuronal networks in vivo is the heterogeneous
distribution of activity in space and time across individual
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Fig. 7 Sensory-driven Ca®" transients in individual cortical neurons.
a Individual neurons in the mouse barrel cortex (leff) and the
corresponding Ca®" transients (right) evoked by the deflection of
the majority of whiskers at the contralateral side of the snout. The
transients were recorded using the line-scan mode (5 ms/line).
The position of the scanned line is indicated. b Individual neurons
in the mouse visual cortex (leff) and the corresponding Ca®" transients
(right) evoked by brief light flashes. Light flashes were applied every

neurons. For example, continuously changing ‘mosaic’
activation patterns were observed in rat and mouse
somatosensory cortex during spontaneous [12] as well as
sensory-driven [11] activity. These data indicated that such
activities are not generated by a particular subset of
neurons, but rather are produced by dynamically reorga-
nizing neuronal subpopulations. Interestingly, the results
concerning the organization of the orientation- and direc-
tion-selectivity maps at a single cell level show species
specificity. Thus, in the optic tectum of zebrafish larvae as
well as in the rat visual cortex, direction- or orientation-
selectivity maps are locally disordered with neighboring
cells, often highly tuned to different directions and/or
orientations [13, 18]. In contrast, in the cat visual cortex,
orientation- and direction-selectivity maps are highly
organized (Fig. 7c; [13]). Orientation and direction
selectivity varies slowly over the distance; the tran-
sitions between different preferred directions are smooth
and ordered with each cell responding similarly to its
nearest neighbors. Interestingly, the boundaries between
neuronal clusters responding to different directions are

Cell 2 .AWWWM%MWMM

Cat visual cortex

|
w

7102 AFF
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h-’.’néu.qmuwa\:

¥apu| uonoaulg

5s

10 s (indicated as a dotted line). ¢ A high-resolution image of the cat
visual cortex (upper panel). On the lower panel, all cells responding
to a given direction of the visual stimulus were color-coded in red and
green. The cells responding to both directions are displayed as gray,
according to their direction index (see color scale on the right).
a Reproduced, with permission from National Academy of Sciences
USA, copyright 2003, from [11]. ¢ Reproduced, with permission from
Macmillan Publishers Ltd, from [13]

extremely narrow (20-50 pm) and are populated by
cells responding rather equally to both directions
(Fig. 7c).

Monitoring Ca®" signals in awake behaving animals

To measure macroscopic properties of neural networks in
nonanesthetized animals, Adelsberger et al. [20] combined
MCBL with in vivo brain microendoscopy. The tip of a thin
flexible optic fiber (J=200 pwm; numerical aperture = 0.48)
was implanted into the brain region stained with OG-1 AM
(Fig. 8a) and was used both for excitation of the fluorescent
dye and for the collection of the emitted light. The use of a
single detector (photomultiplier or avalanche photodiode)
allowed recording a compound Ca”" signal from all cells
within the illuminated volume, thus severely reducing the
susceptibility of recordings to movement artifacts. This in
vivo microendoscope was recently used to record sponta-
neous Ca®" waves in the cortex of nonanesthetized mouse
pups (Fig. 8b). The waves occurred mainly during sleep
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Fig. 8 In vivo brain microendoscopy. a A schematic drawing illus-
trating an implanted optical fiber. b In vivo recordings of spontaneous
cortical Ca®>" waves in a nonanesthetized newborn mouse. ¢, d A two-
photon image of the in vivo stained cortical area (c), where the Ca>"
waves shown in d were recorded from. e A high-resolution in vivo
image of the layer 1 in the visual cortex of a mouse model of

like resting states and vanished or became inhibited during
animal’s movements [20]. Remarkably, similar Ca*" waves
were present in cortical slices obtained from mice stained in
vivo (Fig. 8¢ and d). They closely resembled the early
network oscillations initially found in cortical slices of
newborn rats [38].

In addition to monitoring Ca®" signals in awake,
behaving animals, the microendoscopic approach can be
performed anywhere in the brain, even in deep and hidden
regions. However, its limitation is that it currently allows
just a single point detection. Spatially resolved recordings
may be obtained either through the implantation of an array
of fibers, or through the substitution of a single optical fiber
by fiber bundles [39], and/or by using gradient refractive
index fibers [40].

Monitoring Ca*" signals in aged and diseased brain

It is difficult to establish a good experimental model for
studying neuronal aging in vitro because of the high
fragility of aged neuronal tissue. By contrast, in vivo
studies, like the ones using MCBL, are feasible also in aged
animals [21]. Figure 8e displays cortical cells in vivo in the
visual cortex of a 1-year-old mouse mutant, which
represents a mouse model of Alzheimer’s disease. These

@ Springer

Trial 2

05s

Alzheimer’s disease [41]. Cells are stained with OG-1 AM (green) and
amyloid depositions are stained with thioflavine S (blue). f Light-
evoked population Ca®" transients recorded with an endoscopic fiber
in the visual cortex of a mouse model of Alzheimer’s disease. Cortical
cells were stained with OG-1 AM. a—d Reproduced, with permission
from Macmillan Publishers Ltd, from [20]

mice overexpress a human amyloid precursor protein (APP)
with the Swedish double mutation (at positions 670/671)
that is associated with a familiar form of Alzheimer’s
disecase [41]. As a result of the mutation, the cortex is
enriched with accumulations of the amyloid-f3 protein, so-
called dense core plaques. The plaques represent a
histological hallmark of Alzheimer’s disease [42]. For
two-photon in vivo imaging studies, the plaques can be
stained with specific fluorescent markers like, for example,
thioflavine S [43]. We found that the diffusion of
thioflavine S within the brain is rather restricted, and,
therefore, the in depth staining of the brain tissue is better
achieved by the bolus ejection technique (Fig. 8e;
0. Garaschuk, R.I. Milos, and A. Konnerth, unpublished
observations). The in vivo functional properties of neuronal
networks in mutant animals can be studied both at the
‘macroscopic’ level using brain endoscopy (Fig. 8f) and at
the level of individual neurons when using two-photon
imaging (Fig. 8e).

Conclusions
Two-photon Ca®" imaging using targeted bulk loading of

Ca*" indicators is a useful approach for high-resolution in
vivo imaging of network function. The advantages of the



130

Pflugers Arch - Eur J Physiol (2006) 453:385-396

395

approach include the relatively high temporal resolution
(frame rates of up to 100/s), the good spatial resolution
allowing the discrimination of single cells, and its high
versatility that allows its use in a variety of animal models
and at different ages. It is foreseeable, however, that the
development of genetically encoded fluorescent protein
sensors with improved properties will open exciting new
possibilities in the nearest future [44—46]. Genetically
encoded indicators, not just for calcium but also for other
second messengers (e.g. [47-49]), can, in principle, be
targeted to specific subclasses of neurons or even to small
neuronal subcompartments, like dendrites and dendritic
spines. The combination of bolus loading techniques with
various methods like targeted expression of genetically
encoded indicators will soon open entirely new avenues for
the in vivo analysis of brain function.
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Improved calcium imaging
in transgenic mice
expressing a troponin
C-based biosensor

Nicola Heim!3, Olga Garaschuk®?,
Michael W Friedrich!, Marco Mank!,
Ruxandra I Milos?, Yury Kovalchuk?,
Arthur Konnerth? & Oliver Griesbeck!

Fluorescent Ca?* indicator proteins (FCIPs) are attractive tools
for studying Ca?* dynamics in live cells. Here we describe
transgenic mouse lines expressing a troponin C (TnC)-based
biosensor. The biosensor is widely expressed in neurons and has
improved Ca?* sensitivity both in vitro and in vivo. This allows
FCIP-based two-photon Ca2* imaging of distinct neurons and
their dendrites in vivo, and opens a new avenue for structure-
function analysis of intact neuronal circuits.

Genetically encoded FCIPs!? can be targeted to specific tissues and/
or cellular subcompartments enabling high-resolution analyses of
the intracellular Ca2* dynamics. Thus far, however, their use in the
mammalian brain and many other tissues in vivo was mostly
disappointing as a result of sensor inactivation or reduced dynamic

@range after transgenic expression®. Therefore, the detection of

Ca?* signals from distinct neurons and their cellular subcompart-
ments (for example, dendrites) in vivo has not been feasible.

Recently we generated a family of calcium biosensors based on
variants of TnC, the Ca®" sensor protein in skeletal and cardiac
muscle®. In the present study we increased the brightness of
the sensor by replacing the donor cyan fluorescent protein by
Cerulean’. Additionally, we introduced the common folding muta-
tions V163A and S175G into acceptor protein Citrine® to enhance
folding and brightness. These modifications resulted in the sensor
termed CerTN-L15, which shared many properties with the par-
ental TN-L15, but showed enhanced brightness when expressed in
dissociated neurons (Supplementary Fig. 1 online).

To generate transgenic mice expressing CerTN-L15, we used the
Thy-1 expression cassette’. Altogether, we generated 17 indepen-
dent lines of Thyl-CerTN-L15 mice that differed in expression
patterns and strength of expression owing to the strong context
sensitivity of the Thyl expression cassette. In all mouse lines

BRIEF COMMUNICATIONS |

expression patterns were widespread and involved many major
areas of the central nervous system, such as cortex, hippocampus,
cerebellum, brain stem, retina, spinal cord and several more
peripheral structures such as the trigeminal ganglia (Supplemen-
tary Table 1 online).

For an in-depth analysis we focused on the transgenic line C
because this line had the highest expression level of the transgene
(Fig. 1a). Western blot analysis of cortical tissue showed that the
onset of CerTN-L15 expression in line C was around birth. The
amount of transgene increased during the first two postnatal weeks
and remained stable for up to 11 months, the latest time point
tested (data not shown). We detected no signs of degradation of the
sensor, as verified by western blot analysis (Fig. 1b).

To test for correct folding and basic sensor functionality, we
measured two-photon emission spectra of cultured hippocampal
neurons acutely transfected with CerTN-L15 (Fig. 1¢ and Supple-
mentary Methods online). We compared these spectra with those
obtained in individual hippocampal and cortical neurons in brain
slices of transgenic mice (Fig. 1c). Emission spectra taken in the
absence of extracellular Ca?" (blue lines) were comparable for
acutely transfected and transgenically expressed Ca’' indicator
protein. Moreover, depolarization of neurons in slices and in
transfected cultures with high K* concentration solution resulted
in decreased donor emission and increased acceptor emission with
a comparable change in Citrine/Cerulean emission ratio of 70-95%
(Fig. 1c). Thus, we concluded that CerTN-L15 was stably expressed
in the brain of transgenic mice, well folded, fully functional
compared to the acutely transfected sensor, and was not inactivated
or degraded during transgenic expression.

Within the brains of transgenic line C mice, the indicator was
widely expressed in many types of neurons of the central nervous
system, most prominently in the pyramidal neurons of the hippo-
campus and the neocortex (Supplementary Fig. 2 online). Dis-
tribution of CerTN-L15 in the cytosol was homogenous, with no
signs of aggregation or compartmentalization. The nucleus was
devoid of CerTN-L15.

To analyze functional properties of CerTN-L15, we first tested its
Ca®" sensitivity in acute cortical slices. For this purpose, we
performed simultaneous two-photon imaging and whole-cell
patch clamp recordings from labeled layer 2/3 pyramidal cells in
the temporal/parietal cortex (Fig. 2 and Supplementary Methods).
The patched neurons had normal electrophysiological properties
with a threshold for action potential generation of —41.9 = 1.8 mV,
action potential amplitude of 96.3 + 4.5 mV and action potential
half-width of 1.01 + 0.14 ms (n = 7 cells). We stimulated the
neurons either by direct current injections (Fig. 2a,b) or by
iontophoretic glutamate applications (Fig. 2¢). Both stimulation

'Max Planck Institute of Neurobiology, Am Klopferspitz 18, 82152 Martinsried, Germany. “Institute of Neuroscience, Technical University Munich, Biedersteinerstr. 29,
80802 Munich, Germany. *These authors contributed equally to this work. Correspondence should be addressed to O.G. (griesbeck@neuro.mpg.de) or A.K.
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Figure 1 | Characterization of Thy1-CerTN-L15
+/— WT +/—

transgenic mice. (a) Bright field (left) and
fluorescence (right; Citrine emission) images of
whole brain of a mouse (line C). All analyzed mice
were heterozygous (CerTN-L15*/7). Scale bar, 5 mm.
(b) Western blot analysis of cortical tissue of
transgenic line C mouse (taken at 2 and 7 months)
using an antibody against GFP. The indicator band
runs at the expected molecular weight of 69 kDa.
WT, wild type. +/-, CerTN-L15 (c) Comparison of
averaged emission spectra of CerTN-L15 in acutely
transfected cultured neurons (left) with averaged
emission spectra of CerTN-L15 transgenically expre-
ssed in hippocampal (middle) and cortical (right)
neurons in brain slices (from left to right n = 20,
105 and 21 cells, respectively). Blue spectra were
measured with Ca**-free external solution whereas
red spectra were measured with a depolarizing

b
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paradigms evoked trains of action potentials that were associated
with characteristic changes in the fluorescence of Cerulean and
Citrine (Fig. 2b,c). Brief trains of 2-3 action potentials evoked clear
changes in the ratio of Citrine/Cerulean fluorescence in single trials
(Fig. 2b), whereas fluorescence changes caused by single action

potentials were not reliably detected. The
relation between the number of action
potentials and the amplitude of the asso-
ciated Ca®" transients was linear in all cells
tested (n = 11; Fig. 2d). The slope of the fit
line, however, was slightly different in diff-
erent cells (mean fractional change in emis-
sion ratio expressed as AR/R change per
one action potential = 4.2 * 0.6%, n = 6;
Supplementary Methods). The mean decay
time constant of the Ca?" transients was
1.5 + 0.1 s (n = 11). There was no sub-
stantial correlation between the magnitude
of the decay time constant and the number
of action potentials in the underlying burst
(Fig. 2e), suggesting that under our experi-
mental conditions saturation of CerTN-L15
is negligible.

Next we examined fluorescence proper-
ties of CerTN-L15 in vivo (Fig. 3 and
Supplementary Fig. 3 online). We used
iontophoretic glutamate applications to
probe for functional responses of CerTN-
L15. When analyzing neurons in layer 2/3 of
the visual cortex in vivo, we had to use
stimulation pulse durations, which were
two times longer compared to those used
in cortical slices (see Supplementary Meth-
ods). The resulting amplitudes (AR/R) of
the Ca" transients were also twice as large
(63.7 £ 5.1%, n = 11 in vivo compared to
33.2 £ 22%, n = 6 in vitro). In layer 1
(Fig. 3b), however, stimulation parameters
were comparable to those used in brain
slices. These data suggest that the Ca?*

T T
440 480

T T T T T T T external solution (see Supplementary Methods).
560 600 440 480 520 560 600

T
520

sensitivity of the sensor was comparable in vivo and in vitro, but
Ca”" measurements at greater depth in vivo had a higher detection
threshold (probably owing to higher baseline noise and/or photon
scattering). The time courses of somatic glutamate-evoked
Ca?* transients were similar in vivo and in vitro. Thus, the decay

C
/R
Glutamate-induced Ca®* transients f
Cell 1 lsoau 07
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Figure 2 | Ca?* sensitivity of CerTN-L15. (a) A merged image of layer 2/3 neurons in a cortical slice
(37-day-old mouse). CerTN-L15 labeling is shown in green. A pyramidal neuron patched with internal
saline containing 100 puM Alexa Fluor 594 is shown in yellow. Arrowhead, shadow of the patch pipette.
Scale bar, 20 pm. (b) Relative changes in the Citrine/Cerulean ratio (top) and corresponding membrane
depolarizations (bottom; accompanied by 2, 4 and 7 action potentials, respectively) caused by three
current injections (35, 100 and 300 ms long). (c) Microphotograph of two layer 2/3 cortical neurons
(47-day-old mouse); cell 1 is intact whereas cell 2 is patched (top). Arrowhead, shadow of the patch
pipette. Scale bar, 10 pm. Original traces showing changes in fluorescence of donor and acceptor proteins
in response to a 100-ms-long iontophoretic glutamate application (cell 1) and corresponding ratio
changes (cells 1 and 2; middle). Underlying bursts of action potentials recorded simultaneously from

cell 2 (bottom). Note similarity of ratio changes in the intact (cell 1) and patched (cell 2) cell.

Circled numbers mark responses to individual glutamate puffs of patched cell 2. (d,e) Dependence of the
amplitude of Citrine/Cerulean ratio (d; n = 25 depolarization steps to the cell shown in a) and the decay
time constant of the ratio changes (e; n = 11 neurons) on the number of underlying action potentials.
Red lines are linear least-square fits to the respective sets of data. Data are mean + s.e.m.
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Soma

Dendrite

Glu 5s Glu

time constant of somatic Ca?* transients was on average 1.68 + 0.3 s
(n = 11) in vivo (Fig. 3¢) and 1.63 + 0.2 s (n = 34) in vitro.
For comparison, see also the in vitro dissociation time constant of
recombinant CerTN-L15 (Supplementary Fig. 1).

We attempted to measure Ca’' signals in spiny dendrites,
sites of initial processing of synaptic signals. The concentration
of the indicator protein within secondary/tertiary dendrites
and the dendrite-to-background fluorescence ratio allowed
clear visualization of spiny dendrites in CerTN-L15 expressing
mice (Fig. 3a). Brief (30-50 ms) iontophoretic glutamate pulses
evoked dendritic Ca?* transients with mean amplitudes of 48.8 +
7% (n = 9) and decay time constants of 0.76 £ 0.07 s (n = 9).
Notably, the signal-to-noise ratio was sufficient to distinguish
individual, nonaveraged Ca’" transients from the background
noise (Fig. 3a).

The high Ca?" sensitivity of the TnC-based sensor both in vivo
and in vitro are in clear contrast to results obtained with the
analogous cameleons, which have consistently shown a marked
reduction in Ca®" sensitivity in transgenic mice®%. Cameleons use
the interaction of calmodulin (CaM) with the CaM binding peptide
M13. Calmodulin, however, is highly regulated by phosphorylation
and sequestration by a plethora of CaM binding proteins'®!.,
These uncontrolled intracellular interactions may explain difficul-
ties in obtaining full functionality of various CaM-based Ca?"
sensors expressed in the mouse as well as cell-type to cell-type
variations in performance®. The cellular expression pattern of
CerTN-L15—bright dendrites (Fig. 3b,c) and dye-free nuclei—
renders this indicator particularly suitable for dendritic recordings,
and complements other methods such as bolus labeling of cells with
small-molecule indicators'>!3, which allows good staining of cell
somata but not of dendrites.

In conclusion, the new FCIP mouse line provides important
improvements for the analysis of Ca?* signaling in the intact brain.
These include (i) a homogeneous and bright staining of the entire
cytosol of individual neurons down to secondary and tertiary
dendrites, (ii) the full functionality of the sensor protein allowing
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Figure 3 | CerTN-L15-based Ca?* measurements
in vivo. (a) Micrograph of a spiny dendrite located
30 um below the cortical surface (top). Ca?*
transients recorded from the region of interest
delineated in the top panel, and caused by five
consecutive 40-ms-long iontophoretic glutamate
applications (bottom). (b) Individual and averaged
Ca?* transients recorded simultaneously in the
soma (upper traces) and in a neighboring dendrite
of another cell (lower traces) in response to
30-ms-long iontophoretic glutamate applications.
(c) Summary of decay time constants of somatic
and dendritic glutamate-activated Ca?* transients
2s recorded in vivo. Data are mean + s.e.m.
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measurement of small suprathreshold depolarizations consisting of
as few as 23 action potentials, (iii) the linear response properties of
CerTN-L15 within a physiologically relevant activity range, and
(iv) the possibility of in vivo Ca?" imaging with single-cell and even
subcellular resolution.

Note: Supplementary information is available on the Nature Methods website.
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