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Chapterl

Introduction

1.1 The functional organization of the mouse primary
somatosensory cortex

The rodent primary somatosensory cortex (vibrissal cortex, barrel cortex, S1)
is a widely used model for the analysis of the mammalian cortical circuit. The
scientific efforts to describe the functional and morphological properties of the
vibrissal cortex in detail date back to work of Woolsey and Van der Loos in 1970.
The systematic organization of the vibrissall cortex provides advantages for
characterization of the mechanisms of neural transduction from single cellular to
circuit level. Thus, it was described that neural activity in the barrel cortex occurs
during obtaining of sensory information, in the process of free whisking (Fee et al.,
1979). This finding suggests further investigations of the mechanisms underlying the
information flow in the thalamocortical pathways.

Most research studies concerning investigation of the vibrissal cortex were
performed on rodents such as rats and mice referring to these mammals as
nocturnal animals. Therefore the specialized development of their whisker system
as sensory signaling compared to other species presents advantages for performing
studies in these animals (Petersen, 2003).

The systematic organization of the vibrissal cortex is based on its
cytoarchitectonic structure, where every whisker has its own representation in the
barrels in layer 4 (L4). The mystacial vibrissae are highly developed tactile organ of
the mouse and they are arranged in rows as well as barrels in the cortex (Woolsey
and Van der Loos, 1970) (Fig.1.1).

In acute brain slices barrels can be visualized with the bright field microscopy
separated from each other with septa and forming the barrel column (Libke and
Feldmeyer, 2007). Each cortical column spreads into approximately 100-400um in
diameter (Woolsey and Van der Loos, 1970). This is another advantage for the
studies performed in the barrel cortex, because the direct identification of the barrel
column in acute slice preparations gives the possibility to restrict the region of the
recording to the individual barrel. That allows study of the synaptic connectivity in

the defined barrel field or in particular cell populations.



ayer 4 cortex

Figure 1.1 Representation of the mouse whiskers and barrel fields of L4 in the slice
(Petersen, 2003).

The slice (right) was stained for cytochrome oxidase. The barrels of L4 in the slice show
the match with the vibrissae (left).

Although the structure of the vibrissal cortex appears to be highly organized
with identified barrels, the functional connections represent the complex system of
the cortical synaptic interactions with the signaling flow in different spatial directions.
Within the single barrel column the information flow can be local (intracolumnar) or
connecting the other columns, transcolumnar. The synaptic contacts can involve a
particular layer (intralaminar) or provide connections between cortical layers (Libke
and Feldmeyer, 2007).

1.2 The structure of thalamocortical pathways

Sensory information is transported to the vibrissal cortex through two major
thalamocortical pathways (Fig.1.2). The thalamocortical pathway that transmits
signals about whisker movements is specified as lemniscal pathway (Lu and Lin,
1993; Yu et al., 2006). It transfers information from ventral posterior medial nucleus
of the thalamus (VPM). This pathway contains axons to the neurons of cortical layer
4 (L4), L5, L6, L3 (Wise and Jones, 1978; Agmon et al., 1993; Brecht, 2007;
Petreanu et al., 2007).

The second thalamocortical pathway is represented by paralemniscal inputs
that transport information about tactile exploration during whisking (Yu et al., 2006).



The afferents arrive from posteromedial nucleus of thalamus (POm) (Diamond et al.,
1992; Lu and Lin, 1993; Deschenes et al., 1998; Petreanu et al., 2009) and project
to L5A, L4, L3, L2 neurons (Deschenes et al., 1998; Petreanu et al., 2009; Meyer et
al., 2010).

Barrel Cortex

posterior
medial
nucleus

trigeminal nerve . 6

3

J

spinal trigeminal nucleus

Figure 1.2 The signaling transfer pathway from whisker to barrel cortex (Libke and
Feldmeyer, 2007).

Whisker receptors convert sensory signaling through trigeminal nerve to the trigeminal nuclei
in the brainstem. From brainstem the information is transferred to the thalamic nuclei (VPM
and POm) that project to the barrels in the somatosensory cortex.

Furthermore, it was shown in experimental studies in vitro that the
transduction of somatosensory information from thalamus to cortex is bidirectional
(Reichova and Sherman, 2004; Theyel et al., 2010). That means, that the
projections from thalamic nuclei is not the single direction of the signaling flow and
cortex is not the terminal destination of the thalamocortical inputs. The projections of
thick- tufted L5B pyramidal neurons to POm form the corticothalamic pathway and
support the connections from cortex to subcortical structures (Reichova and

Sherman, 2004) organizing the back-forward direction of the signaling flow.



1.3 Characteristics of L5 pyramidal neurons in the
vibrissal cortex

Pyramidal neurons are the most abundant cells in all cortical areas of the
mammalian brain. They represent approximately 70 to 85% of the whole population
of neurons (DeFelipe and Farinas, 1992). The pyramidal neurons have distinct
morphology and can be found in different layers of the cerebral cortex. Pyramidal
neurons located in L5 are considered to be output neurons with projection targets to
the subcortical structures (Wang and McCormick, 1993, Kasper et al. 1994).

1.3.1 Morphological properties of L5 pyramidal neurons

L5 pyramidal neurons have defined features that distinguish them from other
pyramidal neurons in the cortex. L5 pyramidal neurons have pyramidal or ovoid
shaped somata. From the upper part of the soma the extending apical dendrite
protrudes and directs towards pia matter. Several oblique branches direct laterally
from apical dendrite (Fig.1.3). The apical dendrite of L5 pyramidal neuron forms a
bifurcation and ends in L1 of the cortex forming the apical tuft of the dendritic
branching. The length of the apical dendrite in the cortex of adult mice from soma to
pia surface can reach over 700-800um. Hence this represents the difficulty of
obtaining data from these structures with the number of widely used methods. In
vivo study of this population of neurons encounters problems due to the location of
L5 pyramidal neurons in deep cortical layers and therefore the limitations of cellular
approach with widely- used methods of 2- photon microscopy (Denk et al., 1990). In
vitro examinations of L5 pyramidal neurons allow the morphological and functional
characterization of this type of neurons. Still calcium (Ca®") imaging and
electrophysiological recordings are restricted to the proximal branches of L5
pyramidal neurons due to the inaccessibility of the fine distal dendrites and terminal
spines with the electrodes.

Subsequently the lack of knowledge about the possible functions of the apical
tuft of L5 pyramidal neurons remains. Performing a study on this topic requires
development of new methods of cell loading and use of high- resolution imaging
techniques.

The other structures of typical L5 pyramidal neuron also include the basal
dendrites. Basal dendrites arise from soma and have lateral or downward directions.

The axon originates from the distal part of the soma and passes towards subcortical

10



structures through the cortex leaving the several branches and projecting to the sub

cortical structures (Wang and McCormick, 1993, Kasper et al. 1994).

Figure 1.3. Example of a cortical L5 pyramidal neuron (Larkman and Mason, 1990).
The image of the reconstructed L5 pyramidal neuron shows the dendritic branching pattern.
The axon is not represented. Scale bar 100um.

1.3.2 Classification of L5 pyramidal neurons

The population of L5 pyramidal neurons is heterogeneous. Several studies
dating back to the works of Golgi 1886, Ramon y Cajal, 1911 reveal the scientific
attempts to classify the cortical pyramidal neurons on the basis of their
morphological differences. The more recent studies concerning this topic have
defined several cell- specific groups within the population of L5 pyramidal neurons
according to their location in the cortex, the site of the projection (Chagnac- Amitai
et al., 1990, Larkman and Mason, 1990, Wang and McCormick, 1993, Kasper et al.,
1994), the pattern of the dendritic branching, functional properties (Connors and
Gutnick, 1990; Kasper et al., 1994) and gene expression (Stanfield and Jacobowitz,
1990, Feng et al., 2000, Arlotta et al.,2005, Groh et al., 2010).

The classification parameters of this population of pyramidal neurons in the
visual cortex of rats have revealed their distinct properties (Kasper et al., 1994). This

led to established studies showing two similar populations of L5 pyramidal neurons
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in somatosensory and auditory cortex (Chagnac- Amitai et al., 1990). Similar results
are described in other works performed within the mice cortex (Mittchell and
Macklis, 2005).

The one class described are L5B pyramidal neurons with somata located in
the lower part of L5 in the cortex, whereas the upper part of L5 is populated with
somata of L5A pyramidal neurons. However, this classification based on the location
within L5 is not absolute due to the possible overlap of the cell bodies in different
cortices (Molnar and Cheung, 2006).

L5B pyramidal neurons correspond to thick- tufted L5 pyramidal neurons. This
class features large somata and thick apical dendrite that terminates within L1
forming the elaborated tuft of dendritic branching (Fig.1.4). L5A pyramidal neurons
are subdivided into slender- tufted pyramidal neurons that have smaller size of the
soma and thin apical dendrite that terminate without extended tuft branching in the
lower part of L1 or L2/3 (Fig.1.4). This classification of the cell types in L5
determining two groups of L5 pyramidal neurons based on the morphological
differences appears to be simplified. Though this simple morphological classification
has revealed cell- specific functional characteristics (Angulo et al., 2003) with
defined projection targets, genes expression and according to the recent studies
additionally differences in the input sources (Petreanu et al., 2009; Meyer, Wimmer
et al., 2010).

Studying the physiological properties of two morphologically different classes
of L5 pyramidal neurons indicated also differences in membrane structure with
specific organization of ion channels on the membrane of soma and dendrites of
each cell class. Intracellular recordings revealed cell- type specific firing patterns
(Connors and Gutnick, 1990, Chagnac- Amitai et al.,, 1990; Larkman and Mason,
1990; Wang and McCormick, 1993; Kasper et al., 1994).

L5 pyramidal neurons can be divided into bursting and non- bursting cells.
Slender- tufted L5 pyramidal neurons have a regular spiking pattern (Chagnac-
Amitai et al., 1990; Kasper et al., 1994) to the prolonged current injection (Fig.1.5 A).
This cell class has a slow rate of repolarization with long- lasting spikes. The
adaptation of the spike frequency is in the prolongation of the interspike interval to

response of the longer current injection (Kasper et al., 1994).
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Figure 1.4 Reconstructions with camera lucida of slender- tufted (left) and thick- tufted (right)
L5 pyramidal neurons of rat visual cortex. Scale bar 100um. (Kasper et al., 1994).

The image of the reconstructed neurons depicts the differences in dendritic branching of two
classes of L5 pyramidal neurons of the rat visual cortex.

Thick- tufted L5 pyramidal neurons are characterized by two distinct firing
modes. First, fast- spiking cells (Fig. 1.5 C) produce initial high- frequency bursts to
a prolonged stimulus and have a fast repolarization. Second firing mode of thick-
tufted L5 pyramidal neurons consist of intrinsic bursts (Fig.1.5 B). In this mode the
neurons respond to prolonged current injection with the bursts of spikes at high
frequencies (Kasper et al., 1994). Spikes within the burst gradually decrease in
amplitude due to the inactivation of the sodium channels during the prolonged
stimulus (Connors and Gutnick, 1990).

Corresponding to the morphological, electrophysiological properties of thick-
and slender- tufted L5 pyramidal neurons it is essential to mention their output
targets. The method of neuroanatomical tract tracing has allowed the description of
the projections of defined cell classes of L5 pyramidal neurons. Hattox and Nelson
(2007) described L5 pyramidal neurons projections to corticostriatal and

corticothalamic targets.

13



50 mV
E | S |3 nA

50 ms
= | L
50 ms
C Fast-spiking
50 mV
I L {3 naA

25 ms

Figure 1.5 Intrinsic firing patterns of slender- tufted L5A and thick- tufted L5B pyramidal
neurons (Connors and Gutnick, 1990).

A. Slender — tufted L5A pyramidal neurons respond to depolarizing current with regular
spiking pattern.

B. Thick — tufted L5B pyramidal neurons show firing pattern of intrinsically — bursting neurons
C. The other firing mode of L5B pyramidal neurons is fast- spiking pattern. The spikes have
high frequency during the whole stimulus.

By contrast, slender- tufted L5 pyramidal neurons send their axons to the
cortex of the contralateral hemisphere, to striatum, also ipsilaterally, thick- tufted L5
pyramidal neurons project to ipsilateral subcortical targets such as thalamus,
tectum, spinal cord, to the structures of the brainstem (Larkman and Mason, 1990,
Wang and McCormick, 1993, Kasper et al., 1994, Le Bé et al., 2007, Groh et al.,
2010).

14



The use of histological markers and transgenic mice expressing fluorescent
proteins in specific cell classes will extend in the future the characterization of L5
pyramidal neurons. That will provide a deeper understanding of the role of the
defined cell populations in the mechanisms of the sensorymotor signaling transfer.

The recent studies performed by Groh et al., 2010 provided a detailed
histological and physiological description of two types of L5 pyramidal neurons
dependent on gene expression. The experiments carried out on two lines of
transgenic mice developed on the base of BAC (bacterial artificial chromosome)
have determined two populations of genetically- labeled L5 pyramidal neurons with
the expression of enhanced green fluorescent protein (EGFP). One mouse line
expressing EGFP under the control of promoter for transcription factor (ets variant
gene (etv)) revealed labeling of a subpopulation (16% of neurons in L5) of slender-
tufted L5A pyramidal neurons with characteristic morphological, electrophysiological
properties and projections to the ipsilateral and contralateral striatum (Fig.1.6 A, C).
The second mouse line expressing EGFP under control of glycosyltransferase
(glycosyltransferase -25 — domain containing (glt)) revealed the properties of the
subpopulation (9% of L5 neurons) of thick- tufted L5B pyramidal neurons with
projecting targets to the ipsilateral pons and thalamic nuclei POm (Fig.1.6 B, D).

Considering the contributions of the described above slender — and thick-
tufted L5 pyramidal neurons to thalamocortical network mechanisms, it is essential
to mention that these two different cell classes presumably provide different
functions in the cortex. Thick- tufted L5 pyramidal neurons being fast- spiking and
intrinsically- bursting neurons at high frequencies suggest their possible role as
driving cells of the cortex to the subcortical structures (Reichova and Sherman,
2004). Additionally thick- tufted L5 pyramidal neurons due to their extending apical
tufts in L1 can receive inputs from higher cortical regions. That without a doubt is an
interesting topic for future investigations, especially regarding the inaccessibility of
the distal branches to direct examinations with available techniques and therefore

lack of the recordings from these cellular compartments.
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etv-pyramids

Figure 1.6 Distribution in layer 5 of etv (left) and glt (right) pyramids. Dendritic morphology of
two cell- types in the visual cortex. Scale bar 100pum. (Groh et al. 2010)

A. Confocal image of the region in the slice with EGFP- positive etv pyramidal neurons.

B. Confocal image of the slice region with EGFP- positive glt pyramids.

C. Biocytin- filled reconstruction of etv neuron shows L5A slender- tufted neuron with few
oblique branches.

D. Biocytin- filled reconstruction of glt pyramid with the properties of L5B thick- tufted
pyramidal neuron and several oblique branches.

1.4 Thalamocortical inputs to L5 pyramidal neurons

Several scientific attempts were made to map the inputs in the cortex from
subcortical structures. The recent data with the application of ChR2 and the use of
the fluorescent targets determines not only morphological staining of the selective

input sources, but also provides the elaborated functional mapping of the afferents



to L5 pyramidal neurons. These neurons with its complex dendritic structure appear
to receive inputs from distinct thalamic targets to different dendritic compartments of
the cell (Fig.1.7). Referring to the experiments (Petreanu et al., 2007; Petreanu et
al., 2009; Meyer, Wimmer et al., 2010) the inputs also differ dependent on the cell
types. Thus, two classes of L5 pyramidal neurons: thick-tufted (L5B) and slender —

tufted (L5A) pyramidal neurons receive afferents from distinct nuclei of thalamus.

L5 slender tufted L5 thick tufted

(=]
i

N L-1

Y

113

1La

1000 { L3A
LB _—
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Distance from avg. pia [um]

1800 L6B

Figure 1.7 Thalamocortical innervations of L5 slender-tufted and L5 thick-tufted pyramidal
neurons (Meyer, Wimmer et al., 2010).

Dendritic length density (um/bin) is depicted on the left panel of each image and is
represented with the blue color. VPM innervations (red) per average neuron (contacts/bin),
POm innervation (green) respectively (contacts/bin).

Corresponding to observations in the series of studies performed by Meyer,
Wimmer et al., 2010 (Fig.1.7) slender-tufted (L5A) pyramidal neurons receive
thalamocortical inputs to the basal dendrites: a small fraction from VPM and a large
fraction from POm. The apical tuft dendrites of L5A receive no input from VPM and
slight input from POm.

The thalamocortical innervation of basal dendrites of thick-tufted L5 pyramidal
neurons (L5B) is provided by majority of innervation from VPM and minority from
POm. The apical tuft dendrites of L5B receive innervations only from POm.

In contrast, another group (Petreanu et al., 2007; Petreanu et al., 2009) has
described the absence of input from the site of POm to the apical dendrites of thick-
tufted L5 pyramidal neurons. The previous notion raises the question about
innervation of the apical tuft of L5B pyramidal neurons, which are considered as the
output neurons providing corticothalamic connections (Reichova and Sherman,
2004).
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1.5 Applications of channelrhodopsin2 in selective activation
and mapping of neuronal circuits

Channelrhodopsin 2 (ChR2) represents an effective method to optically control
neural activity in the milliseconds timescale (Boyden et al., 2005). ChR2 provides
means of accurate manipulations of the cellular circuitry activation in the intact brain
with the investigation of the network in vivo (Adamantis et al., 2007). The application
of ChR2 with the use of the special promoters and targeting methods has allowed
the functional examinations of defined cell- types and mapping of the specific
projection targets with the input sources to distinct cellular compartments.

The multifunctional applications of ChR activation have become possible due
to the finding of the light- activated proton channel (ChR1) from the green algae
Chlamydomonas reinhardtii in 2002 (Nagel et al., 2002). The further studies with the
use of light- gated cation channel ChR2 have revealed the temporally precise
control of the activity of the neuronal cells in vitro (Boyden et al., 2005) and
possibilities for genetic targeting (Zhang et al., 2007).

The mechanism of ChR2 activation is based on its structure. It contains a
seven- transmembrane ion channel from Chlamydomonas reinhardti.  The
application of blue light (excitation maximud70nm) evolves a non - selective
cation influx (Suzuki et al., 2003; Nagel et al., 2003) (Fig.1.8).

Na* Na*
Na* Na* Ca?* Na*
Na* Na*t pa+ Na*

Na* *
Ca2+ CaZ+ Na

H* H*
ChR
K+ K*

K+ K+ Hi
H* .
K* Na* .
H H*

Figure 1.8 Mechanism of channelrhodopsin (ChR) activation (Fenno et al., 2011). The
application of light flashes with blue light causes the conformational changes in the structure
of the transmembrane ion channel that opens the channel and provides influx of ions (Nagel
et al., 2003).

The effective photostimulation of ChR2 requires several conditions. The light
intensity that activates ChR2 is minimum 5mW/mm? The source of the light for
ChR2 stimulation can be provided by laser light. ChR2 protein expression level also

determines the efficacy of the optical response (Zhang et al., 2006). The temporal
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and spatial conditions of the applied optical stimulus additionally regulate ChR2
activation. Thus, the area of the stimulation and pulse duration additionally define

the light- activated response.

8
(2]

current (pA)
o
3

i

Figure 1.9 ChR2 response to the optical stimulation in cultured hippocampal neurons
(Boyden et al., 2005).

A. ChR2- YFP- positive hippocampal neurons. Scale bar 30pm

B.(Left) Inward current evoked by optical stimulation with a duration of 1s. (Right)Summary
of the initial phase of the current transient.

C.Current traces evoked by the light pulses in duration of 0.5s each.

D.(Left)Spikes evoked by light stimulus for 1s in the current clamp mode. (Right) Properties
of the first spike.

E.Voltage traces evoked by light pulses with duration of 5ms, 10ms, 15ms.

The investigation and analysis of ChR2 kinetics characterize the response of
the light-gated cation channel to the optical illumination. The kinetics of ChR2 light-
activated response to the prolonged flash show rapid depolarizing current with
further inactivation (Fig.1.9B). The short pulses also evoke the depolarizing current,
but with recovery of the peak within the trials (Fig.1.9C). The prolonged light
stimulation of ChR2- expressing neuron elicits irregular spiking pattern of the cell
(Fig.1.9D), whereas the application of brief light pulses evokes reliable responses
(Fig.1.9E). The use of 15 ms light pulses educes single spikes more successfully
than light flashes in shorter duration.

Thus, ChR2 has become a useful tool for controlling neuronal activity on

different levels of the brain structures starting from investigation of the behavior of
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single cell of defined cell population and selective synaptic contacts to the studies of
the neuronal networks in the whole brain.

The future implications of channelrhodopsin present the comprehensive
prediction in the investigation of detailed mapping of neuronal circuits (Stroh et al.,
2011) and possible application in the treatment of some neurological diseases, such

as Parkinson’s disease (Gradinaru et al., 2009; Kravitz et al., 2010).

1.6. Significance of Ca®" signaling in the brain

Calcium ions (Ca?") play an important role in the physiological processes in
the brain. The function of Ca?* in the developmental cell growth and in the apoptosis
was described (Catterall, 2000; Augustine et al., 2003). Numerous neurological and
psychiatric disorders are related to the pathological changes in Ca®" signaling
(Braunewell, 2005; Brown, 2008; Hovnanian, 2008).

Ca?" ions play major role in the integration of neuronal signaling. The
interaction between neurons is provided by complex mechanisms of release of the
neurotransmitter in the synapses that is activated by Ca®"ions entry into the cellular
membrane. Thus, the dynamical changes in intracellular Ca** are important for the
communication between neuronal cellular compartments. Ca?* ions are also crucial
in the changes of the synaptic strength and evoking of synaptic plasticity that is
fundamental in learning and memory processes (Zucker, 1989; Zucker, 1999; Yang
et al., 1999, Bailey et al., 2004; Hawkin et al., 2006).

Several attempts were made for describing Ca®* dynamics in past years. Only
the breakthrough in mid 1980s in the invention of chemical fluorescent Ca®*
indicators has allowed characterization of intracellular Ca** changes (Grynkiewicz et
al., 1985; Minta et al., 1989). The number of nowadays available fluorescent
indicators together with the applied new techniques of imaging provides the
possibility for extension of understanding in Ca** dynamics mechanisms. The future
detailed investigation of Ca?" signaling in different areas of the brain will extend the

knowledge in the complex system of the information flow between billion of neurons.
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1.7. Voltage- gated calcium channels

Ca?" ions influx into the cell is regulated by voltage- gated Ca** channels
(VGCC). The presence of these channels was first described in the crustacean
muscle fiber by Fatt and Katz in 1953.

The opening of VGCG is controlled by the membrane potential changes. Ca?*
entry through these channels occurs as a response to the action potentials or
subthreshold depolarizing signals (Catterall, 2000; Meir, 2005). Ca?" influx through
VGCC is important for triggering of neurotransmitter release (Tsien et al., 1988;
Dunlap et al., 1995; Catterall and Few, 2008; Augustine et al., 2003; McCue et al.
2010). Thus, an electrical signal of the depolarization is transduced with the entry of
Ca®" ions through VGCC to Ca** signaling. That provides synaptic transmission and

therefore establishes the basis of cellular interactions in neuronal circuit.

1.8. Signaling in the apical tuft of L5 pyramidal neurons

Apical tuft of L5 pyramidal neurons presents an extensive pattern of branching
of the apical dendrite located in L1. In the apical tuft through dendritic arbors L5
pyramidal neuron receives different synaptic inputs from distinct targets.
Additionally, the extensive branching in the apical tuft of thick- tufted L5 pyramidal
neurons can increase the receptive surface for comprehension of the synaptic inputs
from distinct afferents (Rall, 1962).

An experimental inaccessibility of the fine apical tuft dendrites and spines for
performing direct electrical recordings suggests future investigations of functional
role of terminal processes and the examination of the integration of synaptic inputs
in such tiny structures.

Several studies aiming to understand the interaction of the distal branches in
the cortical circuit include biophysical- mathematical models. Based on the
mathematical calculations and taking into consideration the biophysical properties of
the biological membrane these models tried to explain and expand the functional
applications of the extensive dendritic terminals. The basis of such model is cable
theory that suggests the mechanism of the linear conductance along the dendritic
membrane (Fig.1.10). This model was the subject of the mathematical calculations
of several works starting in 1940 by Offner et al., continued by Rushton in 1946,
Hodgkin and Huxley (1952), and developed by Rall (1957).
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Figure 1.10 Cable theory scheme of the neuronal fiber
(http://en.wikipedia.org/wiki/Cable theory/).

The image shows the capacitance and resistance circuits along the parts of the passive

neuronal fiber.

The classical cable theory predicts with the use of mathematical equations the
flow of the current longitudinally in passive dendrites and axons. This theory
considers dendrites as cylinder structures with membrane properties of capacitance
and resistance. Referring to the calculations the current along the dendrite is
dependent on the membrane properties, on the length of the branches, on the time
required for change of the membrane potential. This dependence can be explained
with the equation (Eqg.1.1).

2V _ v
— =T
ox? ot
Equation 1.1 Cable equation with length and time constants

(http://en.wikipedia.org/wiki/Cable theory/). V describes the voltage across the membrane, t

is the time of the voltage change, x is the position along the length of the neuronal fiber, A is

the length, 7is the time constant on that voltage decays evoked by stimulation.
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The passive dendrites act as low- pass filters, thus the synaptic potentials get
attenuated with the spread from distal parts to the soma (Shepherd, 1998).

A computational model suggested by Rall (1964) investigated additionally
synaptic inputs in the distal dendrites and described their importance. Rall (1959)
suggested the equation for the branching pattern of the cellular morphology. He
described in his works that if there is proportion of 3/2 regarding the diameter of
parental and daughter dendritic branches, then it is possible to consider the voltage
gradients along the branches as in the cable of the permanent diameter.

Thus, the computational models tried to predict experimental results with the
organization of the electrical behavior of the distal branches to mathematical and
biophysical laws. However, these models did not include properties that are present
in the living cells, such as active dendritic conductances: voltage- gated ion
channels (Stuart and Sakmann, 1994). Additionally, cable theory did not consider

the diameter decrease of the branches in the distal parts of the dendritic tree.

1.9. Backpropagation in L5 pyramidal neurons

One of the properties of neocortical L5 pyramidal neurons is backpropagation
of the action potential (bAP). The backpropagation is achieved due to the presence
of active dendritic conductances such as voltage- activated Na*, Ca*", K* channels
(Connors abd Gutnick, 1993; Kim and Connors, 1993; Stuart and Sakmann, 1994;
Spruston et al., 1995; Stuart et al., 1997). The previous works using computational
models described dendrites as electrically inactive processes of the cell (Eccles,
1964; Rall, 1977). The finding of the voltage- gated channels in the dendritic
membrane allowed examination of their role in the backpropagation of the action
potential into the dendritic tree (Stuart and Sakmann, 1994; Spruston et al., 1995;
Stuart et al.,, 1997). Though the non- homogeneous distribution of these voltage-
activated channels in the somatic and dendritic membrane was described (Johnston
et al., 1996). This finding suggests the possible spread of the regenerative potentials
in defined parts of the dendritic tree (Larkum et al., 2001).

During active backpropagation neuronal activity travels in the retrograde
direction. The following roles for this backpropagation were discussed. The
important functional application of bAP was described in the induction of synaptic
plasticity, especially in spike- timing- dependent plasticity (STDP) (Linden, 1999;
Markram et al., 1997; Feldmann, 2000; Li et al., 2004). The precise timing of the
synaptic input with the bAP and its sequence regulates the induction either of long-

term potentiation (LTP) or long- term depression (LTD). Another essential function of
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bAP was determined as the role in the development (Peinado et al., 1993), in
synaptic interactions (Hausser et al., 2001), in the influence of the firing behavior of
the cell (Larkum et al., 1999b; Larkum et al., 2001).

The site of the initiation of the action potential in pyramidal neurons is located
approximately at 30-40um from axon hillock distally (Colbert and Johnston, 1996b;
Stuart et al., 1997; Palmer and Stuart, 2006). The evoked sodium action potential
propagates actively to the axon and backwards into the dendritic tree (Stuart and
Sakmann, 1994; Stuart et al., 1997; Buszaki and Kandel, 1998). bAP leads to an
activation of dendritic Ca** channels and provides increase in intracellular Ca?*.

The investigation of Ca®* dynamics along the apical dendrite of L5 pyramidal
neurons was performed in previous works in order to reveal the role of bAP in the
synaptic interactions. The studies showed that bAP- evoked Ca?* transients were
attenuated in decremental way along the apical dendrite with increased distance
from soma and were restricted to the distal dendrites of L5 pyramidal neurons in
adult animals (4-week-old) (Schiller et al., 1997).

1.10. Basic mechanisms of synaptic transmission

Synaptic transmission is a main process of providing information transduction
in neuronal circuit. The mechanism includes complex interactions of the signaling
transfer through synaptic contacts. The basic unit that supplies communicative
connections between neurons is the synapse.

The synaptic structure contains presynaptic and postsynaptic sites. The
presynaptic button is represented by innervating part of the axon that provides target
output to the postsynaptic button (Fig.1.12). The basic mechanism of the synaptic
transmission in the excitatory cortical synapse is relayed on the ‘quantum release’ of
the amino acid glutamate neurotransmitter into the synaptic cleft. The trigger for
release of the neurotransmitter is Ca®* ions flow, evoked with the depolarization
through elicited action potential (Fig.1.12). Released neurotransmitter binds to the
specific receptors on the postsynaptic site producing the excitatory postsynaptic
potential.

In pyramidal neurons the main recipients of the excitatory inputs are dendritic
protrusions- spines (Ishizuka et al., 1995) (Fig.1.13), considered as a part of the
single glutamatergic synapse with postsynaptic density (Sabatini and Svoboda,
2002).
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Figure 1.12. The scheme of the glutamatergic synapse

(http://pubs.acs.org)

In previous studies spines were mentioned as ‘multifunctional integrating unit’
(Shepherd, 1996) relating to their significant involvement into various specific
processes of signaling transfer. The spines play a role in synaptic plasticity (LTP,
LTD), function as the receiving site of the synaptic input, increase dendritic surface
area, perform as a coincidence detectors, represent the site of local Ca?* increase
and provide many other important implications in neuronal information flow
(Shepherd, 1996). Impairment in the structure and function of spines play a role in
numerous mental diseases such as schizophrenia (Glantz and Lewis, 2000), trisomy
21 (Down syndrome) (Marin- Padilla, 1976; Takashima et al., 1989) and several
other brain disorders (Nimchinsky et al., 2002).

The size of the spine head varies dramatically from 0.001-1 pm? (Fig.1.13).
The spine neck has negligible membrane area of less than 0.1 pm? (Nimchinsky et
al., 2000). Considering electrical properties of the membrane protrusions, the
synapses located on the spines have high resistance and small capacitance
(Johnston and Wu, 1995), thus supplying local signaling. Therefore several
suggestions were made considering the implications of the spine neck resistance in
the regulation of the efficacy of the synaptic response (Rall, 1962; Koch and Poggio,
1983). The presence of the voltage- activated sodium and calcium channels located
in the membrane of spines was also described (Denk et al., 1995).
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Figurel.13. Two- photon imaging of L5 pyramidal neuron loaded with Calcium Green-1
(Holthoff et al., 2002). Scale bar 5um.

The functional application of individual synapse is defined by properties of
receptors structure on the postsynaptic button. It was described that spines of
pyramidal neurons contain NMDA and AMPA receptors (Kovalchuk, et al., 2000;
Holthoff et al., 2004). AMPA- type glutamate receptors play a role in excitability:
these receptors provide ion flow at resting membrane potentials (Sommer et al.,
1992). NMDA- type glutamate receptors at hyperpolarized membrane potentials are
blocked with Mg?* that is removed upon depolarization providing Ca?* entry (Mayer
et al., 1984; Nowak et al., 1984; Genoux and Montgomery, 2007).

Thus, spines as synaptic structures play the basic role in neuronal interactions
in the brain circuit. Therefore, the investigation of spine signaling is significant for
understanding of the detailed mechanisms of the information transduction. Taking
into consideration the tiny- size the examination of spines is complicated and
requires application of the special techniques combined with high resolution imaging
methods.
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Chapter 2
Aim of the Study

The present study was aimed at describing the distinct properties of specific
cell- types of L5 pyramidal neurons of the mouse somatosensory cortex. Such
detailed investigations of genetically -defined cell classes of L5 pyramidal neurons
are important for the extension of the role of these cells in order to understand the
main output line of the cortex. For this purpose whole - cell recordings with biocytin

filling and morphological reconstructions with camera Neurolucida were used.

Currently, there is no data available regarding the morphological and
functional properties of the terminal dendritic branches and distal spines of L5
pyramidal neurons due to the experimental inaccessibility of such tiny structures.
The investigation of the role of the distally located branches is essential in the
extended understanding of the cortical circuitry. The signaling in the apical tuft
presents the transduction of the information flow in L1 and thus can be considered
to perform high- level integration of cortical signals.

The aim of the present study was to characterize morphological and functional
properties of the distal dendrites and distal spines of L5 pyramidal neurons of mouse
somatosensory cortex. In order to analyze the signaling in the apical tuft the method
of whole- cell patch- clamp recordings was combined with voltage and Ca®* imaging
with the use of confocal and two- photon microscopy. In this study in order to
investigate the synaptic transmission in distal dendrites and distal spines a new
double- patch technique for fluorescent staining of the terminal branches was
developed. For Ca®" imaging from such small structures as spines and dendrites in
the apical tuft of L5 pyramidal neurons a novel AOD- based two- photon scanning
system was applied for the first time. Various hypotheses concerning functional

implications of the tuft spines and distal dendrites are to be examined.
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Chapter 3

Materials and methods

3.1 Animals

All experiments were performed according to institutional animal welfare
guidelines and were approved by the government of Bavaria, Germany. BL/6 mice
were used, aged between postnatal day 17 (P17) and 30 days old (P30) provided by
the breeding facility of the Institute of Neuroscience, Technical University Munich
(TUM). Mice were housed with 12 hours light/dark cycle. Glt25d2 (glt) bacterial
artificial chromosome (BAC) — EGFP transgenic mouse line (P17-P22) was received
from the GENSAT project. The transgenic mice expressing thy-1-ChR2 (line 18)
were between 12-28 days old and were kindly provided by Karl Deisseroth M.D.,
Ph.D., Stanford University, USA. AAV- ChR2- injected BL/6 mice were used at the
age of P 26-32 and housed in the breeding facility of the Institute of Neuroscience,
TUM.

3.2 Slice preparation

Brain slices offer certain advantages for the present work comparison to the
experiments carried on the living animals. Slice preparation provides mechanically
stable and long duration intracellular recordings due to the absence of the
respiratory and heart beat pulsations. Such parameters as temperature, level of
oxygenation can be maintained at the defined level. Additionally, the
pharmacological agents can be applied in the desired concentrations intracellular or
to the special region of interest in the slice (Wang and Kass, 1997). The direct
visualization of the slice structure resolves the possibility to perform recordings from
the different locations and on defined cell population.

For acute slice preparation the standard procedure was applied (Edwards et
al. 1989, Konnerth, 1990; Edwards and Konnerth, 1992). Mice were deeply
anesthetized by exposure to CO, and sacrificed by decapitation. The skull was
opened along the sagittal suture, the brain removed and placed in ice-cold solution
containing (in mM): 125 NaCl, 2.5 KCI, 0.5 CaCl,, 6 MgCl,, 1.25 NaH,PO,, 26
NaHCOs;, 20 glucose, saturated with 95% O, and 5% CO, The use of the low

temperature of the slice cutting solution keeps the brain intact for the slicing and
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slows down the metabolism activity of cells, allowing them to sustain the ischemic
period during dissection (Wang and Kass. 1997).

The present study required the preparation of the acute thalamocortical slices
of the vibrissal cortex. Thalamocortical slices preserve the pathways between
thalamus and cortex and maintain the parallel orientation of the dendritic branches
of the cortical neurons to the surface (Agmon and Connors, 1991). For the
preparation of the thalamocortical slices the brain was placed on a 10 degree ramp

made from glass (Fig.2.1A).

Figure 3.1 Procedure of the thalamocortical slice preparation (Agmon and Connors, 1991).
A.Brain on the 10 degree ramp

B.The angle and direction of the cut of the brain

C.The position of the brain glued to the vibratome stage

The vertical cut was made with the razor blade at an angle of 55 degrees to
the right of the posterior- to- anterior axis of the brain. The remaining tissue of the
brain was glued with Cyanoacrylat glue (Uhu GmbH, Buhl, Germany) with the cut
surface down onto the stage of the vibratome (VT1200S, Leica, Wetzlar, Germany).
The stage was placed on the tray of the vibratome with magnetic specimen holder.

The tray contained ice-cold cutting solution, saturated with 95% O, and 5% CO,,
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The vertical deflection of the blade of the vibratome was adjusted to the minimal
values to decrease the mechanical damage during the cutting procedure
(Bischofberger et al., 2004). The acute slices of the vibrissal cortex 300um thick
were incubated at 36°C for 30 minutes in oxygenated standard solution containing
(in mM): 125 NaCl, 2.5 KCI, 2 CaCl,, 1 MgCl,, 1.25 NaH,PO,4, 26 NaHCO;, 20
glucose, saturated with 95% O, and 5% CO, and then maintained at room
temperature (25°C).

For recording the slice was transferred to the recording chamber and fixed
mechanically with the grid. The recording chamber was continuously perfused with

oxygenated standard solution. The perfusion solution was warmed to 32-34 °C.

3.3 Morphological reconstructions of cells

For the morphological characterization of the neurons biocytin (2 mg/ml;
Sigma) was added to the intracellular solution. Biocytin has certain advantages to
other intracellular markers including its high solubility in water, small molecular
weight that allows intracellular applications (Horikawa and Armstrong, 1988).

After recording the slices were fixed in 100 mM phosphate buffered saline
(PBS) containing 4% paraformaldehyde (PFA) for 24 hours at -4°C, stained using
the diaminobenzidine (DAB) (Vectastain ABC kit, Vector Laboratories, CA) —
horseradish peroxidase (HRP) protocol (Horikawa and Armstrong, 1988) and
embedded in Mowiol (Kuraray Specialities Europe GmbH). Reconstructions of the
dendritic morphology were made with camera Neurolucida (Microbrightfield,
Colchester, VT) using a x100 (NA: 1.25, oil immersion) objective (Fig.3.2 A, B). All

reconstructions were scaled and aligned to the pial surface (Fig.3.2 B).

A
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Figure 3.2 Morphology of L5 pyramidal neuron
A. Fragment of the DAB-stained slice with biocytin - labeled L5 pyramidal neuron

B. Example of the reconstructed L5 pyramidal neuron made with camera Neurolucida. The
axon is removed.

DAB as a substrate of peroxidases (HRP) was used in the staining procedure
for detection of the neuron loaded with biocytin in the slice. In the presence of
hydrogen peroxide (H,O,) DAB is oxidized by the enzyme HRP, forming a brown
precipitate, insoluble in water and organic solvents (Fig.3.3). This brown - colored
product is concentrated at particular area labeled with HRP and can be detected by

bright-field light microscopy (Fig.3.2 A) (Horikawa and Armstrong, 1988).

Horseradish
Peroxidase

0
DAB + H,0, —— ) DABppt + H2

(brown)

Figure 3.3 DAB reaction (http://coursel.winona.edu/sberg/ILLUST/DABreaction.gif)

DAB reaction with H,O, is catalyzed by HRP enzyme and resulted in insoluble brown-
colored product and water (H,0).

At the end of the staining procedure the labeled cells in the slices were
detected with bright-field light microscopy and embedded in Mowiol (Kuraray

Specialities Europe GmbH) for further reconstructions.

3.4. Patch-clamp recordings.

3.4.1 Patch-clamp recording technique

All experiments were performed on the L5 pyramidal neurons in acute cortical
slices of the vibrissal cortex. The whole-cell recordings were performed according to
the standard procedure (Edwards et al., 1989).

L5 pyramidal neurons were identified with infrared differential interference
contrast (DIC) video- microscopy or using 63x objective (Plan Apochromat; NA 1,
Zeiss, Germany). Patch- clamp recordings were done using EPC9/2, EPC10
Amplifier (HEKA, Lambrecht /Germany). Somatic whole- cell recording were
obtained using glass electrodes of 4-6 MQ resistance pulled with DMZ- Universal

Puller (Zeitz- Instruments GmbH, Germany). The patch- clamp recordings were

31



performed with Pulse software (EPC9/2, HEKA) and Patch-Master software
(EPC10, Version 2.53, HEKA).

The hyperpolarization to the holding resting potential of -70mV was applied
and the capacitance of the pipette was compensated with Cy,g built- in compensation
circuit of the amplifier. The series resistance was measured and compensated with
Csiow Pulse command based on the Ohm’s Law: R=U/I.

The current clamp mode was used to observe voltage changes to the current
injections; short depolarizing pulses with duration of 3-5 ms 500pA each were

applied to evoke action potentials.

3.4.2 Morphological classification of glt pyramidal neurons

Acute coronal slices 300um thick were obtained from GLT25d2 BAC-EGFP
transgenic mice aged from 17-to 22- day old. EGFP -labeled neurons were
identified with Nipkow spinning disk system mounted onto the stationary stage
upright microscope (Olympus BX51WI, Japan) with high-spatial resolution charge-
coupled device (CCD) camera (PixelFly, QE, pco, Germany). The excitation light at
488nm was provided by 500mW Argon ion laser. 60x (60x/1.00 NA, Nikon, Japan)
objective was used. After identification of somatas of EGFP- positive neurons
(Fig.3.4) DIC video microscopy was used to establish whole-cell recordings for
further dendritic morphological reconstructions. The neurons were loaded with
biocytin for 15-20 minutes and after the filling of EGFP-positive neurons the slices
were fixed in PBS with 4% PFA (Horikawa and Armstrong, 1998), embedded in
Mowiol (Kuraray Specialities, Europe GmbH) and reconstructed with camera
Neurolucida (Microbrightfield, Colchester, VT).
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Figure 3.4 EGFP-positive glt- pyramidal neurons in the vibrissal cortex (Groh et al., 2010)

Image of the vibrissal cortex in the slice of GLT25d2 BAC-EGFP transgenic mice acquired
with the confocal microscope. Red dotted line depicts the depth of the cell bodies from the

pia.

3.4.3 Intracellular application of voltage-sensitive dye

The intracellular solution contained in (mM): 175 K-gluconate, 15 KCI, 5 NaCl,
5 Mg-ATP, 0.5 Na-GTP, 12.5 Hepes (pH 7.3) and 2 mg/ml biocytin (2 mg/ml;
Sigma), 0.5-1 mM voltage- sensitive dye (VSD) JPW1114 (Invitrogen, Germany).
The pulled glass electrodes were filled from the tip with clear intracellular solution
(solution without indicator) by application of negative pressure for 10-30 seconds
and then the pipette was filled with the intracellular solution containing voltage-
sensitive dye (Fig.3.5).

This method of the loading allows the access of the voltage-sensitive dye
molecules to the intracellular compartments of the cell. The staining was performed
for 15-30 minutes. The patch electrode was pulled out to form an outside-out patch.
The slice with the loaded cell was incubated for an additional 1 hour at room
temperature to allow the diffusion of the voltage sensitive dye to the distal dendrites
of the cell (Holthoff et al., 2010)..

patch re-patch

intracellular
solution

intracellular
solution

100pm
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Figure 3.5 Schematic image of the technique for loading neurons with voltage-sensitive dye
(VSD).

(Left) Neurolucida reconstruction of L5 pyramidal neuron. The patch pipette contains VSD
and intracellular solution on the tip.

(Right) Reconstruction of the neuron filled with VSD after incubating for 1hour. The cell is re-
patched with intracellular solution for further recordings.

To perform electrical recordings the stained cell was re-patched with clear
intracellular solution and back-propagating action potentials were evoked in the
current clamp mode by injected depolarizing current pulses through patch electrode
of 3-5ms duration each. Back- propagating action potentials were also evoked by
antidromic stimulation. The stimulation electrode with the resistance of 5-7MQ
connected to isolated pulse stimulator (Model 2100, GENEQ, Montreal, Canada)
was placed 5-10 um close to the axon hillock of the stained neuron. 1 to 2 pulses,
each with the duration of 100us with the frequency 50Hz at the amplitude of 4-8V

were delivered via a stimulation electrode.

3.4. Development of a new method of intracellular application
of fluorescent Ca®* indicator dye for visualization of distant

branches in L5 pyramidal neurons

The intracellular solution contained in (mM): 175 K-gluconate, 15 KCI, 5 NaCl,
5 Mg-ATP, 0.5 Na-GTP, 12.5 Hepes (pH 7.3) and 2 mg/ml biocytin (2 mg/ml;
Sigma), 350uM Oregon Green Bapta-1 (OGB1) (488, hexapotassium salt, cell-
impermeant, Invitrogen, Germany). The Bolus-loading technique was applied to
obtain the sufficient concentration of the indicator in the distal processes of the
stained neuron. The similar technique is used as multi-cell bolus loading method
(MCBL) predominantly in vivo experiments (Stosiek et al., 2003; Kerr et al., 2005;
Garaschuk et al., 2006).

In the present study the new method was developed and applied to enable the
loading and further visualization of the micro-sized structures located in the distal
parts of the dendritic tree. The glass patch electrode was filled with intracellular
solution containing high concentration of the indicator (350uM OGB1), the cell was
stained for 8- 10 minutes and afterwards the electrode was detached and outside-
out patch formed. The stained cell was incubated for additional 20- 30 minutes for
the diffusion of the indicator to the distal processes, then re- patched for electrical

recordings with intracellular solution containing 100uM of the Ca** indicator OGBL1.
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3.5 Synaptic stimulation

Synaptic stimulation was performed using isolated pulse stimulator (Model
2100, A-M Systems, USA). Stimulation consisted of 1 or 2-3 pulses at 100 Hz with
the duration of 100us each. Short current injections were delivered via a stimulation
pipette with the resistance of 5 to 8 MQ (Zeitz Instruments, Germany). Stimulation
pipette was fixed in the manipulator holder, connected to the stimulator and placed
in layer 1 of the vibrissal cortex in the field of imaging plane 10 to 20 um away from
individual spine under the control and measurement of the piezo system (NV40/1 CL

E, Piezosystem Jena, Germany).

3.6 Pharmacological agents used in the current experiments

In the series of the experiments the following receptor antagonists of
glutamatergic transmission were applied extracellularly. 1, 2, 3, 4-Tetrahydro-6-nitro-
2, 3-dioxo-benzo quinoxaline-7-sulfonamide disodium (NBQX) (Tocris, USA) at the
concentration of 10uM was used to block glutamatergic transmission via AMPA
receptors. NMDA receptor channel antagonist DL-2-amino-5-phosphopentanoic acid
(DL-APV) (Sigma, Germany) at the concentration of 50uM was added to the bath.

3.7 Optical recordings

3.7.1 Voltage-sensitive dye

For the optical recordings of the submillisecond membrane potential changes
in dendrites and neighboring spines the voltage-sensitive dye di- amino naphthyl
ethenyl pyridinium (di -ANEPEQ or JPW1114) ( Invitrogen, Germany) was applied.
JPW1114 was chosen due to its higher solubility in water comparison to other
voltage sensitive dyes and that allowed the intracellular application of this dye in the
experiments (http:// products.invitrogen.com) (Fig.3.6). Additionally, the results from
the previous studies show the high sensitivity, good signal- to- noise ratio (SNR) and
sufficient spatial and temporal resolution, less photodynamic damage of JPW1114 in
the fluorescent measurements (Antic and Zecevic, 1995). Intracellular injected
voltage- sensitive dye provides the possibility for the detection of fast membrane

potential changes (action potentials) simultaneously at different locations of the
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dendritic tree and allows recordings from the fine structures where electrical

recordings are not possible (Zochowski et al., 2000).
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Figure 3.6 Chemical structure of JPW1114
(http:// products.invitrogen.com)

Spectral properties of the voltage- sensitive dye change in response to the
changes of the membrane potential (Loew et al., 1985). Non- fluorescent voltage-

sensitive dye starts to fluorescence after binding to the membrane (Fig.3.7).

Absorption
Fluorescence emission
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Figure 3.7 Absorption and fluorescence emission spectra of di -ANEPEQ bound to
phospholipid bilayer membranes (http://products.invitrogen.com)

3.7.1.1 Optical recordings with voltage-sensitive-dye

Optical recordings for the experiments with the use of voltage-sensitive dye
were performed using stationary stage upright microscope (Model BX51WI,
Olympus Inc., Japan) and low noise rate CCD camera (Red- Shirtimaging LLC,

Decatur, GA, USA) with low spatial resolution (80x80 pixels) (Fig.3.8). The source of
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the excitation light was provided by a frequency- doubled 200 mW diode- pumped
ND: YVO4 continuous wave laser emitting at 532nm (Newport- Spectra- Physics,
Mountain View, CA, USA). The excitation light was reflected by a 560nm dichroic
mirror and the fluorescence light passed through 610nm barrier filter. The
microscope was supplied with spinning-disk confocal scanner for collecting z-stacks
and 2 camera ports: a standard high spatial resolution CCD camera for infrared DIC
and CCD camera with high spatial resolution (1024x1392 pixels).

high spatial

488nm resolution camera

confocal
spinning-disc

high speed

slice

Figure 3.8 Scheme of experimental setup for voltage-sensitive dye imaging

Schematic drawing of the stationary stage upright microscope used for the imaging with
voltage- sensitive dye.

The acquisition, display of the data was performed in Neuroplex software
(RedShirtimaging, IDL, ITT Visual Information Solutions, Boulder, CO, USA).
Fluorescent signals were recorded at 2KHz sampling frame rate in Neuroplex
sofware program.
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3.7.2 Ca” imaging
3.7.2.1 Fluorescent Ca®" indicator

In the present study fluorescent Ca*" indicator Oregon Green 488 BAPTA 1
(OGB1) was applied as an indicator of choice for detecting the dynamics of the
intracellular Ca** concentration in the spines and neighboring dendrites in the apical
tuft of L5 pyramidal neurons. OGBL1 represents the Ca** indicator with high affinity
with dissociation constant (Ky ) of 170nM and allows the measurement of small
changes in Ca* close to the resting values (Paredes et al., 2008) with less
phototoxicity (Svoboda et al., 1997).
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Figure 3.9 Emission spectra of OGB1 (http:// products.invitrogen.com)

The one-photon excitation maximum of OGB1 is close to 488 (Brain and
Bennett, 1997; Digregorio and Vergara, 1997) and can be excited by argon laser
and for two- photon (2-photon) excitation the maximum is in the range of 800-810nm
(Haugland et al., 2005). The emission spectrum is reliant to the free Ca?* and the
wavelength.

3.7.2.2 Ca*" imaging with Nipkow disk- based confocal

microscope

The recordings of the dynamics in the intracellular Ca®* were performed on the

same experimental setup described in chapter 3.7.1.1 (see the Fig.3.8). The
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advantage of Ca?* imaging with this system was the use of the spinning Nipkow disk
(QLC 100; VTi; UK) and CCD-camera (NeuroCCD, RedShirt Imaging, USA) as
detector. The spinning Nipkow disk method provided high resolution, high sensitivity
and high speed of the obtained recordings in the apical dendrites of L5 pyramidal
neurons (Nakano, 2002).

The synchronization of the Nipkow disk with CCD-camera was provided by
function generator (TG1010A; TTi; UK). Excitation light 488 nm was supplied by 500
mW Argon ion laser. The data was recorded at frequency of 40Hz with the use of
Neuroplex program (RedShirt Imaging, USA).

The spinning Nipkow disk method is based on the use of the spinning disk
with multiple pinholes (Fig.3.10). Another spinning disk with the microlens developed
by The Yokogawa Electric Corporation provides the projection of the laser beams to
the pinholes (Nakano, 2002). The speed of the spinning disk rotation reaches up to
1800-5000 rpm allowing scanning at high frequencies (Ichihara et al., 1996; Inoue
and Inoue, 2002).

Laser

Rotation Microlens
Microlens
Array

Lens <Camerqa

(,; = Objeclive Lens
{ ; Specimen

Figure 3.10 Schematic overview of Nipkow disk system (http://www.hi.helsinki.fi/famu/AMU
Cf tut/). The scanning point goes across the specimen gathering fluorescence through the
pinhole (Takahashi et al., 1999). Out- of- focus fluorescence is left of and that provides an
advantage for obtaining high resolution images (Diliberto et al., 1994).
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Acute coronal/thalamocortical slices of somatosensory cortex were used to
perform Ca®" recordings along the apical dendrite. L5 pyramidal neurons were
visualized with infrared DIC microscopy. Whole- cell recordings were established for
filling the neuron with Ca®* fluorescent indicator 100uM OGB1. After 15- 30 minutes
of loading the level of the fluorescence was estimated with CCD- camera. Brief
current injections through the patch- pipette evoked Ca?* transients recorded along
the apical dendrite at different distances from soma.

In other series of experiments ChR2- thyl promotor transgenic mice were
used to record Ca** dynamics along the apical dendrite of L5 pyramidal neurons into
response to in vivo- like stimulation. ChR2- expressing L5 pyramidal neurons in
acute thalamocortical slices of somatosensory cortex were identified from EGFP
fluorescent soma and fluorescent dendrites with the use of CCD-camera and
Nipkow scanning disk system. The excitation light was provided at 488nm at lowest
light intensity in order to avoid activation of ChR2. By establishing of whole- cell
recordings L5 neurons were loaded with low affinity fluorescent Ca?* indicator
300uM of OGB6F. The higher concentrations of the indicator were required in order
to be able to visualize distal dendrites and to acquire good signal- to- noise ratio
(SNR) of Ca®" transients. Brief current injections were delivered to the soma through
patch- pipette. The stimulus injected repeated the sequence of the activity of L5B-
ChR2 pyramidal neuron recorded in vivo by Dr. A.Groh containing different
frequencies of the spiking behavior. Ca** transients were recorded into the response
of bAP along the apical dendrite starting with the proximal part towards distal

dendritic branches.

3.7.2.3 Ca”" imaging with AOD-based two-photon microscopy

The present study required the use of two —photon (2- photon) laser scanning
microscopy that represents considerable advantages comparison to current
available techniques of microscopy. 2-photon laser scanning fluorescence
microscopy allows deeper penetration (600 um) into the slice, especially taking into
consideration the 3-dimensional (3D) orientation of dendritic processes in the slice
(300um) (Denk et al., 1990). Additionally the admission of less photodamage makes
possible to perform recordings in the slice for longer period of time without any
destruction to the living tissue (Potter, 1996, Denk and Svoboda, 1997).
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The experimental setup for Ca®* imaging in the dendritic spines consisted of
custom- built 2-photon laser scanning microscope (upright microscope (BX50WI,
Olympus)) (Leischner, 2011) supplied with Photomultiplier, 2 acousto- optical
deflectors (AOD) (Fig.3.11), beam compressor (pre- chirper). 2-photon excitation
light was provided by pulsed Titanium- Sapphire laser (Chameleon Ultra; Coherent,
USA) at 800nm with 140fs pulse length and with 80MHz pulse repetition rate. The
localized excitation was detected with 63x objective (Plan Apochromat; NA 1; Zeiss;
Germany). AOD1 (4150; Crystal Technology; USA) controlled the angle of a laser
beam in x- direction. Y-direction scanning was operated by the galvanic mirror
(6215H; Cambridge technology; USA). The second AOD (AOD2) (4150; Crystal
Technology; USA) was installed for balancing of the chromatic dispersion from
scanning of AOD1. The emission light was divided from the excitation light with the
dichroic mirror (HC 735 LP; AHF Analysentechnik AG; Germany). For the control of
the optical dispersion a pulse compressor (pre-chirper) (FemptoControl; APE;
Germany) was used and it has optimized the width of femtosecond pulses of the

laser and sustained the peak intensity.

galvanic
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Figure 3.11 Schematic of the AOD- based 2- photon microscope (Chen et al., 2011)

AOD- based 2-photon microscope contains of 2 acousto- optical deflectors (AOD). The setup
provides scanning at high speed. The high spatial resolution of the acquired images is
provided by the application of the frequency- dependent chirped grating compensation optics
(CGCO).

This system has provided optimal detection of Ca®* dynamics in such small
structures as spines and distal dendrites in the acute slices. The detailed description
of the advantages of the recently developed system and its construction is depicted
in study of Leischner, 2011 (Fig.3.12).
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Figure 3.12 Basics of the setup for Ca2+imaging with 2-photon laser scanning microscope
(Leischner, 2011).

The presented scheme represents the pathway of 2-photon- laser light. The excitation light
(red line) is detected with the objective and the emission light (green line) is sighted to PMT.
The acquisition of the data was performed using LABVIEW- based custom
written software package (Leischner, 2011) (National Instruments, Austin, Texas,
USA). High-speed Ca®" imaging recordings were obtained at 240x240x320 (the
parameters of the obtained image have the size of 25x25um at this certain
frequency recording) or at 640 frame rate. The display of the recording data at 40Hz
was performed automatically in the online mode of the LABVIEW program. The z-
stack of the recorded region of interest was obtained subsequently after performed
recording using LABVIEW-based custom written software package at 240x240x320

frame rate.

42



3.8 Optogenetics

Optogenetics represents the complex of optical and genetic methods. The
optical method with the use of the light- activated cation channel from the green
algae Chlamydomonas reinhardtii channelrhodopsin2 (ChR2) allows control of the
neural activity with the precise time scale of milliseconds (Boyden et al., 2005). The
genetic method provides targeting of the specific cell- types in the defined area of
the brain. The targeting in optogenetics is achieved with the use of the viruses with
specific promoters that restrict the expression of ChR2 to the defined cell population
(Zhang et al., 2007). The use of adeno- associated (AAV) vectors permits injections
into the living brain to deliver ChR2 to special neuronal types (Zhang et al., 2010).
Thus, the optogenetics method allows the studies in mapping of the neuronal
circuits between specific cell- types and defined brain areas and their functional

characterization.

3.8.1 Characterization of ChR2- positive neurons in

transgenic thyl- ChR2 mice

Acute slices were obtained from 18- to 24- day- old (n=15) and 12 days old
(n=2) thyl- ChR2 mice (thyl- promoter). The standard procedure of the slice
preparation (see Chapter 3.2) and standard solutions were used. EYFP- labeled
neurons were identified using a CCD camera (PixelFly QE, pco, Germany) with
high- spatial resolution (1392x1024 pixels) mounted on a spinning- disk confocal
scanner attached to the stationary stage upright microscope (Olympus BX51WI,
Japan). The source of the excitation light was 500mW Argon laser at 488nm. A
water immersion objective (40X/0.8 NA, Nikon, Japan) was used. After ChR2-
positive neurons were visualized by their EYFP- fluorescence whole-cell recordings
were performed using infrared DIC microscopy. The neurons were filled with biocytin
for 15-30 minutes for further morphological characterization. Detailed description of
the methods applied in this study can be found in the recent publication of Groh et
al., 2011.
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3.8.2 Use of optogenetics for identification of the thalamic

inputs to L5 pyramidal neurons

To target thalamocortical pathway adeno- associated virus (AAV) with the
genes for ChR2 with mcherry fluorescence was injected to thalamic nucleus (POm)
of BL/6 mice in vivo.

Mice were injected at the postnatal day between P16-P19. In vivo injections to
POm were performed by Dr. Albrecht Stroh, Charlotta Ruhimann. BL/6 mice at the
certain age were anesthetized by injecting intraperitoneally (200ul) ketamine
(0,53mg/ml) in mixture with xylazine (5,6mg/ml). For the craniotomy the mouse head
was fixed in stereotaxic frame, the following coordinates were applied: posterior to
bregma 1.5mm, lateral to the midline 1mm, dorsal ventral 2.8mm. Cre-encoding
AAV (GENEDETECT, NZ) and floxed ChR2- encoding AAV (AAV- DIO- ChR2-
mCherry plasmid, Deisseroth, K.) construct was produced in the laboratory facility of
the Institute of Neuroscience, Technical University Munich (TUM) by Sarah
Bechthold (Cardin et al., 2009). The delivery of AAV construct to POm was
performed through durotomy with the use of a glass pipette (outer tip diameter
45um, inner diameter 15um). 50nl of the viral constructs were injected through the
glass pipette. The incision place was covered with the adhesive at the end of the
procedure (Vetbond, 3M Animal care Products, MN). 0.1mg Lidocain was used as
analgetics in the post- operative period (Stroh et al., 2011).

10 to 14 days were permitted for the expression of ChR2. After the preparation
of the acute thalamocortical slices (300um) the expression level of ChR2 with
mcherry fluorescence in Pom and vibrissal cortex was determined under the
fluorescent lamp.

To perform optical stimulation of the thalamocortical pathway whole- cell
recordings from L5 pyramidal neurons were established. The optical fiber 50, 100um
in diameter (Thorlabs, Gronberg, Germany) was fixed in the pipette holder and
connected to the laser with the excitation light of 488nm (10mW solid state sapphire
laser) (Coherent, Dieborg, Germany). Light pulses of defined duration (2, 5, 20ms,
the train of 10 pulses at 10 Hz) were delivered by the control of the custom written
Labview software package (Andreas Fohr, TUM) (National Instruments, Austin,
Texas, USA). The optical fiber was placed on the surface of L5 of the vibrissal
cortex.

The measurements were obtained in the current clamp mode of Patch Master
software (EPC 10, Version 2.53, HEKA). The intracellular solution contained (mM):
175 K-gluconate, 15 KClI, 5 NaCl, 5 Mg-ATP, 0.5 Na-GTP, 12.5 Hepes (pH 7.3) and

44



2 mg/ml biocytin (2 mg/ml; Sigma), 100uM Oregon Green Bapta-1 (OGB1) (488,
hexapotassium salt, cell- impermeant, Invitrogen, Germany).

The electrical responses of the stimulation of the thalamocortical afferents
were recorded in the current clamp mode. Evoked EPSPs were evoked to the
application of light flashes on the level of the basal dendrites of the patched L5

pyramidal neuron.

3.9 Data analysis and statistics

3.9.1 Data analysis

Online analyses were used for rough examination of the fluorescence intensity
of the cellular compartments and the presence of the signaling to the evoked
stimulus.

Quantitative data analyses were performed offline.

Data obtained for voltage-sensitive dye imaging and for Ca*" imaging with
Nipkow disk- based confocal microscope in Neuroplex (RedShirtimaging, IDL, ITT
Visual Information Solutions, Boulder, CO, USA) was analyzed by exporting data
with drawn region of interest in Igor Pro software (Wavemetrics, Lake Oswego,
Oregon, USA).

Recorded data with AOD- based 2- photon microscopy for Ca?* imaging with
320Hz or with 640Hz was downsampled by factor of 8 or 16 respectively to the
frequency of 40Hz to optimize SNR using a LABVIEW-based custom written
software package (Leischner, 2011) (National Instruments, Austin, Texas, USA).
The advantages of this method called low- power temporal oversampling (LOTOS)
are described in detail in Cheng et al., 2011.

ImageJ (http://rsb.info.nih.gov/ij/) and Igor Pro software were used for image

analyses. The electrical recordings in current clamp mode obtained with Pulse/
Patch Master software were analyzed in Igor Pro macro Patch Power Tools (PPT,
http://wavemetrics.com/).

By drawing regions of interest (ROIs) in ImageJ software the neuronal Ca?*
transients were measured from individual spines and adjacent part of the dendrite in
the apical tuft. The baseline fluorescence was measured as subtraction from the
non- fluorescent region of interest. AF/F=(F0-F1)/FO

Three dimension (3D) reconstructions of the region of interest (ROI) for further
detailed 3D morphology were obtained by conversion of z- stack in Labview and

loaded into Amira program (version 5.3, Visage Imaging GmbH, Berlin, Germany).
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The final definiteness of the morphological spine and dendrite structure was
increased by sharpening the z- stack projection image using deconvolution software

(Huygens, Scientific Volume Imaging, Hilversum, The Netherlands).

3.9.2 Statistical analysis

Statistical analysis was made using SPSS (Chicago, USA) and Excel
(Microsoft Office Word 2007) software. Measured values were calculated as mean
values with the standard error of the mean (SEM).

For the documentation and display of the data the following Adobe programs
were used: Adobe lllustrator, Adobe Photoshop (Adobe Systems, USA).

46



Chapter 4

Results

Morphological and functional analysis of L5 pyramidal
neurons

4.1 Characterization of thick- tufted L5B pyramidal neurons in
the mouse vibrissal cortex

L5 pyramidal neurons are the output neurons in the cortex providing
projections to the subcortical structures of the brain (Reichova and Sherman., 2004).
L5 pyramidal neurons of the vibrissal cortex are the part of the thalamocortical
pathway that transmits sensorymotor information about mouse whisker movements
and tactile exploration (Lu and Lin, 1993; Yu et al., 2006). Therefore the detailed
investigation of cortical L5 pyramids properties will extend the functional role of
these neurons in the signaling transfer between cortex and thalamus and broaden
the information of the synaptic mechanisms of sensorymotor transduction in the

mammalian brain.

TTTHFEIT

100pm

Figure 4.1 Morphological characteristics of thick- tufted L5B pyramidal neurons

Dendritic reconstructions of biocytin- filled L5B pyramidal neurons in the mouse vibrissal
cortex. The apical tufts are aligned to pial surface from somata depth in the slice.

In the present study a method of choice for morphological analyses of
subpopulation of L5B pyramidal neurons was biocytin loading with the use of patch-
clamp technique in vitro and further reconstructions with camera Neurolucida. L5B
thick- tufted pyramidal neurons were identified in the bright- field microscopy from

the large pyramidal shaped soma and location in deep parts of L5 (Fig. 4.2).
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The present morphological analysis of L5B pyramidal neurons of the mouse
vibrissal cortex revealed the unique morphology of this specific cell- type. The apical
dendrite originates from soma and directs towards pia matter with oblique dendrites
processing laterally. The apical dendrite has the prominent bifurcation and
terminates in L1 forming the extended branching of the dendrites (Fig.4.1). The
dendrites with the distance from soma decrease in diameter reaching 1pm in the

terminals adjacent to pia.

1|{P20 |thalamocortical 988 589 466 2929| 4347| 2173 6521
2|P20 [thalamocortical 1125 723 565 3082| 5365| 1982 7347
3|P21 [thalamocortical 1110 628 476 3169| 3484| 1794 4278
4|P23 |thalamocortical 969 639 526 2749| 3212 1279 4491
5|P23 |thalamocortical 1135 887 520 2531| 3203
6|P23 |thalamocortical 1132 748 561 2461| 3804
7|P19 |thalamocortical 1088 660 501 2752| 4324| 1914 6238
8|P21 |thalamocortical 1047 659 506 1100 3962| 3421 7383
9|P22 |thalamocortical 1021 611 433 2854| 3969| 3081 7050
10{P23 |thalamocortical 1031 663 483 2359| 3513| 1599 5113
11|P21 [thalamocortical 937 556 395 3000| 5845| 2032 7878
12|P20 |thalamocortical 922 590 428 2783| 3189| 1222 4411
13|P20 [thalamocortical 1190 813 560 3048| 4172 331 4503
14|P23 |thalamocortical 890 550 386 3200| 3719| 2662 5841
15[P23 |thalamocortical 933 597 390 2688| 4405
16{P24 |thalamocortical 948 579 420 2886| 3309| 2285 5594
|mean 1029,1] 655,75 476| 2724,44| 3989| 1982,7 5896
STD 92,271| 94,384| 61,999| 496,809| 761,5( 809,11] 1275,71
STE 23,068 23,596 15,5| 124,202| 190,4| 224,41| 353,817

Figure 4.2 Summary of the morphological properties of thick- tufted L5B pyramidal neurons

The table determines the dendritic length of the apical and basal dendrites of thick- tufted
L5B pyramidal neurons (n=16) in mouse vibrissal cortex. The soma depth in L5 was defined
from the distances from pia. The measurements were performed with camera Neurolucida.

In this study the intrinsic membrane properties were additionally examined.
The electrophysiological analysis revealed different patterns of the firing to response
to the current injection. The brief stimulus evoked two or three spikes of high
frequency (Fig.4.3B left). To the long duration stimulus L5B pyramidal neurons
responded with two firing patterns: bursts of spikes at high frequency and high
frequent spikes. The recordings were obtained in the current clamp mode (Fig.4.3B
right).
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Figure 4.3 Electrophysiological properties of thick- tufted L5B pyramidal neurons.

A.Dendritic reconstruction of biocytin- filled thick- tufted L5B pyramidal neuron in the vibrissal

cortex
B.Electrophysiological properties of thick- tufted L5B pyramidal neurons represent distinct

firing patterns into response to brief (left) and prolonged (right) current injection.
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4.2 Characterization of GIt25d2- L5 pyramidal neurons

Next, genetically defined cell- type in L5 of somatosensory cortex from
transgenic GIt25d2 (glt) bacterial artificial chromosome (BAC) - EGFP (promoter for
glycosyltransferase) mouse was characterized.

J L sa0pn
20mv

200ms

Figure 4.4 Morphological and electrophysiological properties of glt L5 pyramidal neurons.

A.3D display of biocytin- filled glt EGFP-positive neurons reconstructed with camera
Neurolucida, shown with Amira program for 3D morphology. The apical tufts are aligned to
pial surface. The soma of glt- pyramidal neurons are found in L5B in the mouse vibrissal
cortex.

B.3D reconstruction image of biocytin- filled glt- pyramidal neuron

C.Electrophysiological properties of glt- pyramidal neurons
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For morphological analysis in the present study glt- pyramidal neurons were
identified by EGFP fluorescence and filled with biocytin for further reconstructions
with camera Neurolucida. The dendritic reconstructions of glt- L5 pyramidal neurons
(Fig.4.4A) revealed the properties of thick- tufted L5 pyramidal neurons (Fig 4.1)
with the extended dendritic branching pattern in L1, therefore long apical dendrite
(4102+565um, n=6) and location in the deep levels of L5 (soma depth 619+21um,
n=6) relating to L5B pyramidal neurons (Fig.4.2).

1| 20|coronal 1050 600 548 4326| 5504 9830
2| 21{coronal 1134 665 532 4107

3| 22|coronal 1180 680 566 6262| 4165| 10427
4| 17|coronal 880 542 475] 4645 3908| 8553
5| 20|coronal 980 587 520( 3026| 2815| 5841
6

17|coronal 1045 645 440| 2248 1048 3296

Figure 4.5 Dendritic database table of glt- pyramidal neurons

Glt pyramidal neurons (n=6) in the mouse vibrissal cortex were estimated from the length of
the apical and basal dendrites. The soma depth was evaluated from the distance from pial
surface. The measurements were acquired with camera Neurolucida.

For the analysis of the intrinsic membrane properties of glt- pyramidal neurons
the current injections of short and prolonged durations were applied (Fig.4.4C). The
electrophysiological properties of this specific cell class depict firing patterns of fast-
spiking and intrinsically bursting neurons. This spiking behavior is similar to the
population of thick- tufted L5 pyramidal neurons in the wild type mouse (Fig.4.3).

Thus, the morphological and functional correspondence of genetically- defined
glt- neurons refers this defined cell- type to the subpopulation of thick- tufted L5B

pyramidal neurons of the mouse vibrissal cortex.



4.3 Characterization of ChR2 thyl-promoter positive
neurons

ChR2- positive neurons in the transgenic mouse line thyl- ChR2 (line 18) in
the vibrissal cortex were characterized. The detailed analysis of these neurons was
performed in order to classify ChR2- positive neurons to the specific cell population
and for further investigation with the use of ChR2 activation the specific

corticothalamic projection targets of these neurons in vivo conditions.

scale bar 100um
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Figure 4.6.Identification of ChR2 thyl- promoter positive neurons

A. ChR2 positive neurons were visualized in the acute thalamocortical slices with the
confocal Nipkow disk system by their EYFP fluorescent soma and fluorescent dendrites. The
fluorescent image depicts the area of the mouse vibrissal cortex with ChR2 positive neurons.
B. The soma of ChR2 positive neuron was first identified from EYFP fluorescence and then
with DIC optics for further whole- cell recordings and biocytin loading. The top image depicts
soma of two ChR2 — positive EYFP- fluorescent neurons. The middle image shows the
visualization of ChR2 — positive neurons with DIC. The bottom image is the overlay of the
fluorescent and DIC images.

ChR2- positive neurons were fused with EYFP in this transgenic mouse line.
ChR2- expressing neurons were detected with the confocal spinning disk system
from EYFP- fluorescent cell body and fluorescent extending apical dendrite with
terminals ending in L1 (Fig.4.6A). The fluorescence signal intensity prevailed in the
apical branches located adjacent to pia. ChR2- positive neurons were found in the
cortical slice in deep layers, in L5 and conterminous to L6 (soma depth 783+60um,

n=17) that corresponds to L5B pyramidal neurons (Fig.4.2).

Figure 4.7 Morphological classification of ChR2 thy1- promoter positive neurons

3D display of EYFP- positive neurons filled with biocytin and reconstructed with Neurolucida.
15 neurons show the morphological properties of thick- tufted L5B pyramidal neurons, 1
short- tufted L5 neuron, 1 L6 neuron. Apical tufts are aligned to pia.
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The identified ChR2- positive neurons were filled with biocytin for detailed
morphological classification. The dendritic morphology of ChR2-positive neurons
(Fig.4.7) depicts the similarities with the group of L5B pyramidal neurons (Fig.4.1) in
the wild type mouse from the location in the cortex, extended branching pattern of
the terminal tuft, long apical dendrite (5041+1796um). Described above
morphological properties refer ChR2 thyl- promoter positive neurons to the group of
thick- tufted L5B pyramidal neurons with certain anatomical, functional properties

and projection targets.
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4.4 Selective stimulation of POm afferents reveals specific
connection between thalamus and L5A basal dendrites in the
vibrissal cortex

To selectively map the thalamocortical connections between POm and its
inputs to the specific cortical cell layers AAV- ChR2 injection in the present study
was applied. This allowed the stimulation of the specific thalamocortical axonal
arbors selectively from POm without involvement of the activation of the other

thalamocortical pathways.

somatic electrical
recording
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Figure 4.8 AVV-ChR2 injections into POm of the thalamus result in ChR2/mCherry
expression in thalamocortical afferent fibers and in POm neurons

A. (left). Transmitted light image of the thalamocortical slice. Scale bar 500um.

(middle). ChR2-mcherry expression in POm and anterograde labeling of thalamocortical
fibers in L1 and L5A of mouse vibrissal cortex. Fluorescence is of higher intensity at the
site of injection (in POm). Scale bar 500um.

(right). Overlay of transmitted light image and fluorescent image. Scale bar 500um

B. Overlay of the reconstructed L5A pyramidal neuron and fluorescent confocal image of
ChR2- mcherry expression in thalamocortical fibers. The blue pipette indicates the side of
the laser stimulation with the excitation light of 488nm.

C. Expression of ChR2-mcherry in POm. The image shows the fluorescent somas of
POm neurons. Scale bar 100pm

D. Higher magnification delineates membrane bound expression of ChR2 in POm
neurons. Scale bar 50pm

AAV- ChR2 injection was applied into POm following the defined coordinates
in vivo. ChR2/mCherry expression was detected at the side of the injection in POm
(Fig.4.8 C; D) and sparse labeling of ChR2/mCherry fluorescent axonal arbors was
present in all layers of the vibrissal cortex with the fluorescence signal prevailing in
L1 and in L5A (Fig.4.8 A). Thus, confocal images of anterograde labeling of
thalamocortical axonal fibers indicate POm innervating L5A and L1 of the vibrissal
cortex. To investigate the functional connectivity the light activation with the optical
fiber (diameter 50, 100um) (Thorlabs, Gronberg, Germany) of ChR2- expressing
thalamocortical axonal arbors in L5 was performed in this study. Acute
thalamocortical slices were prepared in order to retain the thalamocortical pathway

and preserve parallel orientation of the dendritic tree to the surface of the slice.

I~ ‘EL ﬁfu\' T
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Figure 4.9 Light evoked responses of ChR2-expressing thalamocortical axons at the basal
dendrites reveal synaptic excitation in L5A pyramidal neurons.
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Spikes recorded in the Current Clamp mode (CC mode) from L5A pyramidal neuron to the
response of the laser stimulation of the thalamocortical arbors on the level of the basal
dendrites.

To investigate thalamocortical input from POm to L5A the light activation of
ChR2- expressing axonal fibers was applied to the basal dendrites (Fig.4.8 B).
Whole -cell recordings were established in order to record the synaptic responses to

the light stimulus and for biocytin filling for further dendritic reconstructions.

L
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Figure 4.10 Functional properties of L5A slender- tufted pyramidal neuron

A. Biocytin- filled Neurolucida reconstruction of L5A pyramidal neuron.

B. Spiking pattern of the neuron in (A) reveals properties of L5A pyramidal neuron. To brief
current injection neuron fires single spike. To the prolonged stimulation neuron responses
with the low- frequency spiking pattern.

Light flashes of brief (2ms, 5ms) to prolonged duration (20ms) and 10 light

flashes each of duration 1ms evoked robust postsynaptic responses in L5A
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pyramidal neurons (Fig.4.9). The synaptic responses induced by light activation of
ChR2- expressing axonal arbors showed 2-3 ms delay of the response (Fig.4.9).

The recorded pyramidal neurons showing synaptic responses to the optical
stimulation depicted the characteristics of L5A pyramidal neurons: morphology of
slender- tufted L5 pyramidal neurons (Fig.4.10 A) and regular spiking pattern to the
prolonged current injection (Fig.4.10 B).

Therefore, the present results described that the specific activation of the
thalamocortical pathway revealed synaptic connections between POm and basal

dendrites of L5A pyramidal neurons.
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Voltage and Ca®** imaging in dendrites and spines of L5

pyramidal neurons

4.5 Time course of bAP in the dendrites and spines in the
apical tuft of L5 pyramidal neurons corresponds to the time

course of somatic response
Recordings of membrane potentials from distal dendrites and spines of L5

pyramidal neurons is hampered by the small size of these structures and it is often

impossible to perform direct electrical recordings from these fine dendrites.
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Figure 4.11 Time course of the back- propagating action potential in the apical tuft and in

soma of L5 pyramidal neuron
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A. (left) Image of reconstructed L5 pyramidal neuron loaded with JPW1114. (Top Right) the
optical dendritic signal in the apical tuft evoked by single bAP by current injection to the
soma. (Bottom right) Overlay of the somatic electrical response with the optical signaling in
the apical tuft.

B. The summary of the time course of the optical signal from the apical dendrite recorded at
different distances from soma evoked by single bAP.

In order to study the dynamics of backpropagation of the action potential to the
distal branches and spines the use of voltage- sensitive dye (VSD) with the tailored
loading technique was applied in the present study. The voltage- imaging has
allowed performing of the recordings of the membrane potential changes in the
distal dendrites and neighboring spines of L5 pyramidal neurons without use of the
patch electrodes.

Single bAPs were evoked at the area of the axon hillock, the region
responsible for action potential (AP) initiation (Fuortes et al., 1957; Palmer and
Stuart, 2006). The backpropagation in the series of the experiments was elicited
antidromically by placing the stimulation pipette to the region of the AP initiation
zone or by injection of the depolarizing current to the soma through the patch-
pipette. The antidromic stimulation allowed the determination of the kinetics of
membrane potential changes in the intact cell without the need of electrical
recordings. The dynamics of bAPs were examined in dendrites and spines of L5
pyramidal neurons along the apical dendrite located at different distances from

soma.

1 2 3 20%

20ms

Figure 4.12. Time course of the spine signaling in the apical tuft of L5 pyramidal neuron
(Left). The fluorescent image of the spiny dendritic branch in the apical tuft of L5 pyramidal

neuron filled with JPW1114. (Right).Corresponding optical signals from individual spines
evoked antidromically by triplet of backpropagating action potentials
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The kinetics of the membrane potential changes recorded optically in the distal
dendritic branches were compared to the electrical signal obtained in the soma and
to the optical signals from other parts of the apical dendrites. The recordings
revealed the fast time course of the fluorescently detected membrane potential
changes in the apical tuft similar to the rapid time course of the somatic action
potential (Fig. 4.11 A). Hence, the fast time course of the dendritic bAPs was
independent of the distance from soma. The half width duration of the optical signal
was 2 to 3 ms and did not reveal any dependence on the location of the recording in
the apical dendrite (Fig. 4.11 B). The bAPs evoked from individual spines also
showed the rapid rise time in the apical tuft dendrites of L5 pyramidal neurons (Fig.
4.12)).
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4.6 Attenuation of Ca® signal along the apical dendrite of L5
pyramidal neuron

In order to examine Ca** dynamics along the apical dendrite of L5 pyramidal
neurons into the response to single bAPs and thus to study the role of the dendritic
backpropagation in the synaptic plasticity, confocal Ca?* imaging was performed in

the following experiments.

Dendritc trunk
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Figure 4.13 Attenuation of Ca** signal along the apical dendrite as the factor of distance
from soma

A.Reconstructed L5 pyramidal neuron with indications of the recorded regions.

B.Ca*" transients from distinct parts of the dendritic tree located at different distances from
soma evoked by single bAPs elicited by current injection through the patch-pipette in the
Current Clamp mode and recorded with CCD camera (Red Shirt) with Neuroplex program at
40Hz.
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C. The superposition of Ca®" transients obtained in the dendritic trunk close to the soma and
in the apical tuft.

Whole- cell recordings in L5 pyramidal neurons in mice aged P15-P17 were
combined with the loading of the cell with 100uM OGB1 for Ca** imaging and with
biocytin for further dendritic reconstructions. Ca®* imaging was performed at different
dendritic regions along the apical dendrite, from proximal part to the distal
processes. Single bAPs elicited by depolarizing current injection through the patch-
pipette evoked Ca?* fluorescent transients in the dendrites of L5 pyramidal neurons
(Fig.4.13B). The investigation of Ca*" signaling revealed the attenuation of Ca®*
fluorescent transient along the apical dendrite. With the increase of the distance
from soma dF/F of bAP- evoked Ca** fluorescent transient decreased in the
amplitude revealing low detectable Ca?* signal in the apical tuft (Fig. 4.13C). These
results indicate that single bAPs does not influence Ca®* signaling in the tuft of L5
pyramidal neurons.

The decrement attenuation of Ca®* fluorescent transients in the distal parts of
the dendritic tree is not entirely understood and raises an important question about
the mechanisms of the integration of the backpropagation in the distal processes of
L5 pyramidal neurons, its involvement into the synaptic plasticity and the activity

patterns that manage to backpropagate successfully into the tuft.
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4.7 In vivo- like patterns of stimulation contain effective
frequencies of back propagation into the apical tuft

We applied in vivo- like stimulation to investigate the patterns of bAPs that
invade the distal tufts of L5 pyramidal neurons. In in vivo conditions neurons
integrate trains of spikes at different frequencies. In order to simulate the impact of
the physiological behavior in the distal dendrites, bAPs were evoked containing

sequence of the frequencies recorded in vivo.
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Figure 4.14 Effectiveness of the bAP in the tuft is dependent on the frequency of applied
stimulus.

A.Spontaneous activity of L5B ChR2 pyramidal neuron in vivo. Recording obtained from
ChR2- thy1 transgenic mouse by Dr. A.Groh.

B.(Left) Reconstruction of L5B ChR2- positive neuron. (Right) In vivo- like train of bAPs was
applied in vitro by current injection through patch- pipette (blue). Ca* transients recorded
from the dendrites (red) located proximally and in the distal parts of the apical dendrite.
C.The summary of frequency- dependence of Ca?" transients in soma and tuft.

To obtain action potentials spiking patterns from L5 pyramidal neurons thyl-
ChR2 (line 18) mouse line with EGFP-positive ChR2- expression in the population of
thick- tufted L5B pyramidal neurons (Groh et al, 2011) was used. In vivo

spontaneous spiking behavior was recorded by Dr. A. Groh identified as ChR2-
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expressing L5 neuron in the somatosensory cortex from the light- activated
response (Fig.4.14 A). In vivo obtained sequence of spikes was applied in vitro
conditions. EGFP- positive ChR2- expressing L5B pyramidal neurons were identified
from the fluorescent soma and dendrites with the confocal spinning disk system and
with the use of low intensity laser light with the excitation wavelength at 488nm.
With the application of the DIC- optics whole- cell recordings were established for
Ca?" imaging with low affinity Ca®" indicator (300uM OGBG6F). For morphological
reconstructions the intracellular solution contained biocytin. In vivo pattern
containing defined sequence of the spiking behavior was evoked by current
injections at distinct frequencies through the patch pipette. bAP- evoked Ca*
fluorescent transients were acquired along the apical dendrite (Fig.4.14 B). The
recordings revealed the attenuation or failure of Ca®" transient evoked by bAPs at
low frequencies in the distal apical branches and invasion of the apical tuft with the
stimulus applied at high frequencies (Fig.4.14 C).

Thus, the bAP in the distal dendrites is frequency dependent and the
physiological train of spikes contains the patterns of stimuli that invade the apical
tuft.
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4.8 Development of a new special double- patch procedure
for staining of distant terminal branches and distant spines

The standard intracellular loading technique has several restrictions for
studies performed in the distant branches and distant spines of L5 pyramidal
neurons. The limitations that complicate to acquire the data from thin dendritic
terminals are related to the length of the apical dendrite in L5 pyramidal neurons that
reaches over 3989um and location in deep cortical layers (soma depth over 600um)
(Fig.4.2). Hence, the distribution of the fluorescent indicator is restricted to the
proximal processes of the cell and does not reach branches located in L1 in the
concentration level sufficient to visualize distant terminals and distant spines. Due to
access limitations the detailed morphological properties and functional applications

of the distantly located processes and distal spines has not been investigated yet.

A patchi B incubation C patch2

350uM 100uM
OGB1 OGBI1

100pum

Figure 4.15 Schematic depiction of a new loading technique applied for staining of distant
branches. Reconstruction of biocytin- filled thick- tufted L5 pyramidal neuron. The images
show the level of the indicator distribution in the dendritic tree (red). The technique consists
of three consecutive steps.

A First step includes the establishment of whole- cell recording in order to fill the cell with the
high concentration of the indicator.

B.Incubation in the recording chamber for 30 minutes is applied for redistribution of the
indicator from the proximal branches to the distant terminals.

C.Re- patching of the neuron with 100uM OGBL1 for further recordings.
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In the present study to obtain recordings from the apical tuft of L5 pyramidal
neurons | developed new special loading technique. This newly developed method
directing for the fluorescent staining of the distantly located branches allowed the
distribution of the fluorescent indicator at the sufficient level to the apical tuft to
visualize dendritic branches located distantly from soma and terminal spines and to
acquire Ca®* recordings with optimized SNR. To retain the distal branches of L5
pyramidal neurons from deterioration during cutting slice preparation procedure the
thalamocortical slices were used. That allowed preserve the branches of the apical
tuft due to the parallel orientation of the dendritic tree of L5 pyramidal neurons in the
vibrissal cortex.

The newly developed method includes several consecutive steps. The first
step consists of the establishment of whole-cell recording with a high concentration
of Ca?* fluorescent indicator included in the patch pipette (350pM OGB1)
(Fig.4.15A). After filling the cell for 8 to 10 minutes the patch pipette is pulled away.
The level of Ca?* indicator is estimated from the fluorescence level. At the time point
of pipette withdrawal L5 neurons contain detectable level of Ca?* dye up to the main
dendritic bifurcation (Fig.4.15B). During the next 20- 30 minutes Ca®" dye will
distribute between soma and dendrites. Therefore, the incubation in the recording
chamber was applied in order to obtain the equal diffusion of the fluorescent
indicator to the terminal branches. The re- patch with 100uM of Ca*" indicator in the
pipette permitted to acquire Ca®* recordings from the stained dendritic terminals and

distant spines in L1.
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4.9 Reconstruction of the spines in the apical tuft of thick-
tufted L5 pyramidal neurons

The newly developed double- patch technique (Fig.4.15) application permitted
to obtain reconstructions of the spiny dendritic branches in the apical tuft from thick-
tufted L5 pyramidal neurons. The morphological description of the distant spines
was obtained by acquirement of the z- stack and use of the deconvolution method to
sharpen the image (Fig.4.16 B). 3D reconstructions of the distal spiny dendritic
branches were accomplished with the use of Amira program and permitted the
visualization of the complexity of the spine structures (Fig.4.16 C; D) at different

angles.
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Figure 4.16 Characterization of the spines in the apical tuft of thick- tufted L5 pyramidal
neurons

A.Biocytin- filled reconstruction of thick- tufted L5 pyramidal neuron.

B.Z- stack of 2- photon- image of the spiny dendritic branch in the apical tuft after
deconvolution.

C.3D Amira reconstruction of spiny dendritic branch as in B. The image was obtained as z-
stack with custom- written Labview software.

D.3D Amira reconstruction of the part of the dendritic branch in the apical tuft at high
magnification.

The images of the dendritic reconstructions (Fig.4.16C) depict the fragments
of the distal dendrites with large diversity of the spines various in shape, in length of
the spine head and length of the spine neck. The size of the spines varies in the

apical tuft in size with some of the membrane protrusions reaching up to 1um.
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4.10 Ca** imaging using LOTOS from individual spines in the
apical tuft

To obtain high- sensitive recordings with good SNR of the signal and to
reduce phototoxic influence during Ca?* imaging from single spines in the apical tuft
of L5 pyramidal neurons the method of low- power temporal oversampling (LOTOS)
was implemented in the present study. LOTOS- imaging involves high- sampling
rate of the acquired images, low intensity of the required excitation light and short

pixel dwell- times (Chen et al., 2011).

dF/F

single trace 320Hz
downsampled to 40Hz

Figure 4.17 Ca?" imaging method principle from the individual spine in the apical tuft

A.Reconstruction of biocytin- filled thick- tufted L5 pyramidal neuron.

B.2-photon image of the spiny dendritic branch in the apical tuft. Arrow indicates an active
spine from which Ca*" transient in C was recorded.

C.Single traces. (Top) Ca*" transient from the individual spine in response to the single
synaptic stimulation in the apical tuft acquired at 320Hz and downsampled to 40Hz. (Bottom)
Ca?" transient evoked synaptically recorded at 640Hz with downsampling to 40Hz.

Ca?* signals from individual spines in this series of experiments were recorded
with the use of high- speed AOD- based 2- photon microscopy (Fig.4.17 B). The
images of the spiny dendritic branches in the apical tuft were obtained at frame rate
of 320Hz and at 640Hz. The downsampling of the images recorded at high-
frequency was performed offline by factor of 8 or 16 to the frequency of 40 Hz. This
procedure optimized SNR and demonstrated robust Ca®" signals from individual
spines (Fig.4.17 C).

Hence, the implementation of LOTOS- based imaging combined with high-
speed AOD- based 2- photon microscopy has improved the quality of the obtained

Ca”" imaging recordings.
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4.11 Ca** kinetics in spines in the apical tuft

To characterize the synaptic transmission in the apical tuft of thick- tufted L5

pyramidal neurons Ca?* dynamics from individual spines was analyzed in the

present study.
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Figure 4.18 Ca®" signaling in the individual spines in the apical tuft of thick- tufted L5
pyramidal neurons

A.Neurolucida reconstruction of biocytin- filled thick- tufted L5 pyramidal neuron
superimposed with the image of area in the vibrissal cortex in acute thalamocortical slice.

The pipettes indicate the recording and the stimulation sites.
B.(Left) 2- photon image of the spiny dendritic branch in the apical tuft with enumerated

spines. (Right) Ca®" transient from an individual spine evoked synaptically.

C.(Left) 2- photon image of the spiny dendritic branch with the enumerated portions of the
dendritic shaft. (Right) ca* imaging in the dendritic shaft in the apical tuft as in B.

D.Single EPSP recorded at the soma in a response to synaptic stimulation of the afferent
fibers in the apical tuft applied at 7V.
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Whole- cell recordings were established with the use of the new double- patch
technique. After the single spines in the apical tuft were resolved with the use of
high- speed AOD- based 2- photon microscopy the focal stimulation was applied.
The stimulation pipette of high resistance was placed near the spine of choice
located on the distant dendritic branch in the upper part of L1 (10- 40um from pia
surface), its location was adjusted during the experiment (Fig.4.18 A). The region of
interest containing spiny dendritic branch in the apical tuft was imaged (Fig.4.18 B
left). Single shock stimulation delivered through stimulation pipette evoked local
Ca?" signal restricted to the spine of choice (Fig.4.18 B right). The evoked Ca*
transients had mean of rise time (10-90%) 37+4ms (n=9). The mean of decay time
course was 207+19ms (n=9). EPSP of amplitude of 2mV with delay of 2- 3 ms from
the start of the stimulus was recorded at the soma into response of the applied

stimulus (Fig.4.18 D).
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4.12 Quantification of release probability rate in the apical tuft

The characterization of the synaptic efficacy of the synapses located in the
apical tuft is of great physiological importance. The quantification rate of the release
probability in the distal synapses defines the strength of the synapse (Maass and
Zador, 1999) receiving determined input in L1 and therefore providing the basis of
the neuronal interactions in the upper layers of the cortex. The determination of the
release probability in the previous studies was described as a vesicle fusion and
transmitter release in the presynaptic site in response to an action potential (Del
Castillo and Katz, 1954; Branco et al., 2008).
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Figure 4.19 The synaptic response probability in the apical tuft of thick- tufted L5 pyramidal
neurons in the vibrissal cortex.

A. 2- photon image of the spiny dendritic branch in the apical tuft. The arrow shows an active
spine.

B. Ca®" transients from individual spine in the apical tuft evoked by single synaptic
stimulation in L1. The image shows single traces of Ca?" transients evoked in consecutive
trials at low frequency between stimuli.

C. (Top) EPSP recorded at the soma into the response to the single synaptic stimulation in
the apical tuft.

(Bottom) Average of Ca®" transients in 5 consecutive trials

Thus, in the present study the analysis of the release probability in the distal

synapses was quantified in the dynamics of Ca®* transients from spines recorded as
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the sequence of 5 to 10 consecutive trials into response to the focal single- shock
stimulation. The intervals between trials were recorded at low frequency range. For
obtaining of Ca” signals from the terminal spines in the apical tuft with the use of the
double- patch technique whole- cell recordings were established. That allowed to
obtain somatic EPSP response into the synaptic stimulation (Fig.4.19 C) and fill L5

thick- tufted pyramidal neuron with biocytin for dendritic reconstructions (Fig.4.19 A).
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Figure 4.20 Summary of release probability in the apical tuft in the series of the sequential
trials.

The table shows data from 9 thick-tufted L5 pyramidal neurons and depicts the reliable
probability to evoke Ca®" transients in the synapses in the apical tuft from trial to trial.

The stimulation pipette was placed in the upper L1 in the vicinity of the
dendritic spine of interest. Single pulse current stimulation evoked robust Ca* -
transient from individual spine (Fig.4.19 B). Consecutive trials of the single- shock
stimulation in the apical tuft revealed low failure rate of the recorded Ca** signals.
The results of the Ca®* transients dynamics recordings determine the success rate
of 82% of release probability (n=9) in the synapses found in the apical tuft of L5

thick- tufted pyramidal neurons (Fig.4.20).
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4.13 Ca* signaling in spines of the apical tuft is NMDAR and
AMPAR dependent

In order to investigate the mechanism of synaptically- evoked Ca®" transients
from the spines in the apical tuft of thick- tufted L5 pyramidal neurons | examined
the contribution of the NMDA and AMPA receptors.

control

APV

wash
HH . 50% | 1mV
50ms

500ms

normalized dF/F

control NBQX wash

Figure 4.21 ca* signaling in spines of the apical tuft requires activation of AMPARs and
NMDARSs (n=5).

A.2-photon image of the dendritic spiny branch in the apical tuft. The arrow indicates the
activated spine.

B.Ca®" signals (dF/F) from the spine in A evoked by single stimulus at 7V in control
conditions, bath- applied NBQX (10uM), APV (50uM) and after wash.

C.EPSP recorded at the soma to the response of the synaptic stimulation in B in control
conditions, after application of NBQX, APV and after wash out of the antagonists.

D.Summary presents the effects of NBQX and APV on Ca** signaling from the individual
spines.
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After the application of the double- patch procedure, establishment of whole-
cell recording the stimulation pipette with the fine tip opening was placed in the
vicinity of the dendritic spine of choice. The brief current pulse elicited Ca** transient
in individual spine and EPSP recorded at the soma in the current clamp mode
(Fig.4.21B, C). Bath- applied antagonist of AMPA receptor 10uM NBQX reduced
dF/F amplitude of the spine Ca®" transients (Fig.4.21 B) evoked at resting
membrane potential of -70mV. Associated EPSP recorded at the soma was
significantly decreased in the amplitude, showing low detectable signal. With the
application of NMDA receptor channel antagonist in the bath no Ca?* transient and
EPSP were detected (Fig.4.21 B, C).

The blocking of the synaptic transmission was reversible: with the remove of
the antagonists and recording in the control conditions Ca®* transients and somatic
EPSP were restored in the amplitude.

Thus, synaptically evoked spine Ca®* signals in the apical tuft in thick- tufted
L5 pyramidal neurons are primarily dependent on Ca** ions entry through NMDA
receptor channels. The involvement of AMPARS in the synaptic transmission in the

distant branches is not excluded.
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4.14 Cooperativity in Ca** spine signaling in the apical tuft

To investigate the impact of high frequency and high intensity stimulation to
the distal synapses of thick- tufted L5 pyramidal neurons Ca* imaging from
individual spines and dendritic shafts in the apical tuft was conducted. After the
application of the double— patch clamp technique whole- cell recordings were
established.

First, single- shock stimulation at minimal intensity was performed that evoked
Ca*" transient from one single spine in the region of interest (Fig.4.22). Ca**
imaging from the segments of the dendritic shaft did not detect any Ca®* signaling in
the field of view to the response of the single- shock stimulation of the afferent fibers
in L1 (Fig. 4.22B).
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Figure 4.22 Spine- signaling in the apical tuft of L5 pyramidal neuron

Ca* transients from single spines in the apical tuft evoked by stimulation of the afferent
fibers in L1 of the cortex show localized response in the spine.

77



A.Biocytin- filled reconstructed thick- tufted L5 pyramidal neuron.
B.2- photon image of the spiny dendritic branch in the apical tuft with spines (1-6). EPSP

recorded at the soma. Ca®* transients from single spines to the single- shock stimulation at
7V.

C.2- photon image of the distal spiny branch with enumerated parts of the dendritic shaft.

The stimulation intensity was afterwards increased to the level when Ca?
transient was elicited from the neighboring spine (Fig.4.23A) and the parent dendrite
(Fig.4.23C). The peak amplitude of Ca®* signaling in the dendritic shaft was highest
at the site of the active spines.
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Figure 4.23 Cooperativity in Ca** spine signaling in the apical tuft of thick- tufted L5
pyramidal neurons. Increase of the synaptic stimulation intensity.

A.(Left) 2- photon image of the spiny dendritic branch in the apical tuft with enumerated
spines. (Right) Ca®" transients from individual spines as a response to the increased
intensity of the single- shock stimulation from 7 to 10V.

B.EPSP at the soma evoked by stimulation protocol

C.(Left) 2- photon image of the distal dendritic branch as in A with the enumerated dendritic

sections. (Right) Ca?" transients recorded from dendritic shaft in the apical tuft as a response
to the synaptic stimulation as in A.
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Ca®* transients were evoked in several spines and in the parental dendritic
shaft upon high frequency stimulation of the afferent fibers leading to the similar
impact as with increase of the stimulation intensity (Fig.4.24). The stimulation was
performed at 100Hz delivered through a stimulation pipette: 2 stimuli at 7V. The
EPSP recorded somatically showed summation with increase in amplitude
(Fig.4.23B).
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Figure 4.24 Cooperativity in Ca®" spine signaling in the apical tuft of thick- tufted L5
pyramidal neurons. Synaptic stimulation at high frequency.

A.(Left) 2- photon image of the distal spiny dendritic branch with spines (1-6).(Right) ca*
transients from individual spines as response to synaptic stimulation at 100Hz.

B.EPSP recorded at the soma

C.(Left) 2- photon image of the terminal branch as in A with the enumerated parts of the
dendrite. (Right) Ca* transients from the corresponding parts of the dendrite evoked by two
synaptic stimuli at 100Hz at 7V.

Thus, the involvement of the dendritic conductance in the synaptic responses
in the apical tuft raises the questions of the possible mechanisms and the purpose

of the shaft impact to the spine signaling in the distal branches.
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Chapter 5

Discussion

5.1 Morphological and functional analysis of L5 pyramidal neurons

5.1.1Characterization of genetically- defined L5 pyramidal neurons
This study reports the characterization of the morphological and functional
properties of genetically- defined cell- types of L5 pyramidal neurons in the vibrissal

cortex of two transgenic mouse lines.

Thus, the investigation of the properties of genetically- defined population of
L5 pyramidal neurons from transgenic GLT25d2 (glt) BAC- EGFP mouse revealed
the morphological and electrophysiological similarities with thick- tufted L5B
pyramidal neurons in the vibrissal cortex. These results are in line with the previous
work by Groh et al., 2010 showing the analogous characteristics of these
genetically- labeled neurons in the visual and vibrissal cortices. L5 pyramidal
neurons expressing EGFP promoter for glycosyltransferase are found in deep
cortical L5 and have extensive dendritic arborization in L1. Electrophysiological
recordings show the firing modes of intrinsically bursting neurons and fast- spiking
neurons into response to the prolonged current injection.

This investigation of this specific cell population of glt L5 pyramidal neurons
can be regarded as the basis for the further functional examinations in the context of
Ca*" imaging in this defined cell- type. Additionally, the characterization of specific
neuronal populations regarding gene expression can extend the classification of the
distinct cellular populations in the cortex. Hence, future considerations of the studies
carried out on genetically- defined neuronal classes can sort the large diversity of
the cortical cellular populations to the distinct cell groups with the defined

histological and physiological properties.

Another genetically- targeted group of L5 pyramidal neurons expressing
EYFP- ChR2 in the vibrissal cortex was additionally characterized in the present
study using another transgenic mouse thy-1 ChR2 (line 18). The results described
that ChR2- positive neurons share the morphological and physiological properties of
thick- tufted L5B pyramidal neurons. The dendritic reconstructions revealed the
pyramidal neurons located in deep parts of L5 with large dendritic branching pattern
in L1. Prolonged stimulus applied to this type of neurons elicited patterns of fast-

spiking or intrinsically bursting neurons.
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The fusion protein EYFP ChR2 expressed in L5 pyramidal neurons analyzed
in this work showed the prevailing fluorescent signal in the apical tuft. This can be of
advantage for using of this mouse line in vivo conditions for the optical stimulation of
the extensive apical tufts to examine the functional role of this cell- type.

Previous studies reported the thalamocortical inputs to L5 pyramidal neurons
in vitro and with the use of the anatomical tracing methods (Agmon et al., 1993;
Brecht, 2007; Petreanu et al., 2007; Petreanu et al., 2009, Meyer, Wimmer et al.,
2010). Whereas the projection targets of these neurons were shown in the specific
thalamic nucleus (POm) in vitro and from tracing data (Deschenes et al., 1998;
Veinante et al., 2000; Markram, 2006; Groh et al., 2010).

How the corticothalamic connections of L5B pyramidal neurons to the
subcortical structures are arranged in vivo conditions was not yet detailed
investigated. The classification of ChR2- positive neurons in the present study
allowed the use of this transgenic mouse line to examine thalamocortical
connectivity in vivo with the optical stimulation of the apical tufts of these neurons.

Thus, the results of in vivo investigation described that the signaling in the
thalamocortical pathway has the back- forward direction with the information flow
from cortical L5B pyramidal neurons to POm thalamic nucleus (Groh et al., 2011).
The future examinations of this connectivity can include the properties and
integration purpose in the neuronal transduction of this reverse pathway signaling.
The hypothesis regarding such bidirectional thalamocortical connections can also be
that cortex in the hierarchy of the neuronal network regulates the activity of the

subcortical structures.

5.1.2 POm inputs to the basals of L5A pyramidal neurons in the somatosensory
cortex

The results in this thesis with the use of ChR2 for the precise mapping of the
thalamocortical connections describe the inputs from specific thalamic nucleus POm
to the basal dendrites of L5A pyramidal neurons. The light activation of ChR2-
expressing axonal arbors with the optical fiber produced postsynaptic response in
L5A pyramidal neurons. The dendritic reconstructions of L5 pyramidal neurons that
responded to the light activation showed the morphology of slender- tufted L5
neurons and the behavior of regular- spiking L5A pyramidal neuron found in the
upper parts of L5 in the cortex.

These results are in accordance with the previous studies describing the
histological evidence (Meyer, Wimmer et al., 2010) and functional connections

between POm and this specific cell- type (Petreanu et al., 2009; Meyer, Wimmer et
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al., 2010). The distinct morphological and electrophysiological properties of L5A
pyramidal neurons similar to the present results were described in the previous
works (Chagnac- Amitai et al., 1990; Larkman and Mason, 1990; Wang and
McCormick, 1993; Kasper et al., 1994)

The results of the present study show the new approach of the optical
stimulation of tiny ChR2- expressing axonal arbors with the use of an optical fiber
and possibility to record light produced postsynaptic responses.

The future works conducted for mapping of the specific thalamocortical inputs
to the distinct processes of L5 pyramidal neurons described in detail with the use of
the optogenetic tools can provide the simplified and clear knowledge of the
organizational structure of the large amount and complexity of the diverse inputs in
the cortex. Another issue to be examined is Ca?* imaging from individual spines into
response to the optical stimulation of the defined axonal arbors for determination of

the specificity of the activated inputs.

5.2 Voltage and Ca?* imaging in dendrites and spines of L5 pyramidal

neurons

Signaling in distal dendrites and spines of L5 pyramidal neurons

The results of this thesis describe the signaling in the apical tuft of L5
pyramidal neurons in the vibrissal cortex. The present study investigated
morphological properties of the distal dendrites and distal spines and characterized
the membrane potential changes and Ca** signaling in the terminal branches of L5
pyramidal neurons. Additionally a new loading technique was developed and applied

for Ca®* imaging from individual spines and tiny distal dendrites in the apical tuft.

5.2.1Rapid kinetics of bAP in the apical tuft of L5 pyramidal neurons

The present study demonstrates the rapid time scale of backpropagating
action potential (bAP) in the distal spines and distal dendrites of L5 pyramidal
neurons of the mouse vibrissal cortex corresponding to the fast time course of the
somatic response. Additionally, bAP was not attenuated along the apical dendrite,
with the half width duration of 2-3ms of the optical signal. This finding is in line with
the recent work performed with the use of voltage- sensitive dye (VSD) showing fast
kinetics of bAPs along the apical dendrite elicited by somatic current injection in L5

pyramidal neurons of the mouse visual cortex.
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In the present study time course was investigated not only in the conditions
with bAP evoked by somatic current injection, but additionally with antidromic
stimulation. This condition allowed examine membrane potential changes in the
intact cell without the use of the electrodes. bAP evoked antidromically also showed
fast time course of the optical signal independent on the distance from soma.

My results surprisingly are not in accordance with the previous works
characterizing electrical signaling in the distal dendrites with the use of the multiple
patch- clamping technique. The results of the past studies described distance-
dependent attenuation of the membrane potential changes in amplitude decrement
and increase of the half width of the AP in the terminal branches (Stuart et al., 1997;
Larkum et al., 2001). This alteration of the electrical signal in the distal dendrites can
be related to the disadvantages of the performed dendritic recordings with the high-
resistance electrodes (Stuart et al., 1993; Stuart et al., 1997) such as an access
resistance and the electrode capacitance that can influence the shape of the bAPs
(Waters et al., 2005).

Thus, the finding of the rapid time course of bAP along the apical dendrite of
L5 pyramidal neurons, especially in the distal dendritic branches can be important
for the cellular integration in the neuronal circuit and play defined role in the synaptic
plasticity. The future investigations can be directed to the examination of the
membrane potential changes in STDP in the postsynaptic and presynaptic sites,

also in vivo conditions.

5.2.2 bAP- evoked Ca?" transients in the apical tuft of L5 pyramidal neurons

The present study also investigated Ca?* dynamics of bAPs in the apical
dendrites of L5 pyramidal neurons of the somatosensory cortex. The results
describe the attenuation of Ca*" transient evoked by single bAPs in the distal
branches in the decremental manner, whereas the high frequency stimulation
produced relevant backpropagation of Ca?* transient in the apical tuft.

These results are in accordance with the previously performed studies
investigated bAP properties of L5 pyramidal neurons. The past works characterized
the decrease of the amplitude of Ca?" transient elicited by single AP with the
distance from soma (Stuart et al., 1997; Schiller et al., 1997). The application of high
frequency protocol defined the efficacy of such stimulation in the tuft (Williams and
Stuart, 2000; Gulledge and Stuart, 2003; de Kock and Sakmann, 2008). The
mechanisms for the faithfully backpropagation of the high frequency stimulation to
the apical tuft was described due to the supralinear temporal summation with the
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participation of terminal dendritic sodium and Ca** channels (Williams and Stuart,
2000).

My results additionally describe that spiking activity of ChR2- L5B pyramidal
neuron recorded in vivo contains the patterns of frequencies that backpropagate
effectively into the distal branches. Thus, the intact neuron in the living brain can
interact with the defined spiking activity that provides effective transduction of the
signaling and therefore supplying mechanisms for the information flow.

Attenuation of the bAP in the apical tuft in the decremental manner provides
questions of how L5 pyramidal neuron with its long apical dendrite integrates
synaptic inputs in the terminals. For this purpose the investigation on the level of the
individual spines can resume the mechanisms and functions of the signaling in the

distal branches of L5 pyramidal neurons.

5.2.3 A newly developed double- patch loading technique for the investigation of the
distal spines

The work presented in this thesis resolves the problem of the obtaining of the
experimental data from the distant dendrites and distant spines of L5 pyramidal
neurons. The development of a new double- patch procedure in this thesis allowed
access to the terminal branches and therefore perform morphological
characterization combined with Ca*" imaging recordings from the distal dendritic
branches and spines in the apical tuft, not possible up to now.

An inaccessibility of the terminal dendrites of L5 pyramidal neurons to the
direct investigation due to their fine size and due to the somata location in the deep
cortical layers restricted the examination of these structures to the proximal
branches with the use of the available loading techniques in vitro. The previous
works aiming at characterizing Ca®" signaling from individual spines and parental
dendrites of pyramidal neurons were carried out on the basal dendrites (Polsky et
al., 2004) or on the proximal part of the apical dendrite (Holthoff et al., 2002) lacking
recordings from the apical tuft in L1.

The description of the signaling in the apical tuft was limited to prediction of
the experimental data with the computational models. Though these models based
on the mathematical and biophysical equations (Eccles, 1964; Rall, 1977) did not
consider the properties of the neuron in the experimental conditions. The presence
of the active voltage conductances in the dendrites (Kim and Connors, 1993; Stuart
and Sakmann, 1994; Stuart et al., 1997) and in spines (Denk et al., 1995)
contradicts the passive current flow described in the mathematical models.
Additionally, the dendritic diameter diminishes with the distance from soma with
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terminal dendrites reaching 1 pm in size that was also out of consideration in the
cable theory.

Although, the recent studies tried to establish in vivo approach for Ca®*
imaging in deep cortical layers with the use of regenerative amplification multiphoton
microscopy (RAMM) (Mitmann et al., 2011). This method allowed recordings from
soma and populations of apical dendrites, still there are improvements to be done
for providing in vivo examinations from the level of individual spines and tiny distal
dendritic branches.

Hence, the new loading technique developed in the present study provides
possibility for the investigation of the functional role of the distant spines and

dendrites.

5.2.4 Characterization of the synaptic responses in the distal spines and distal
dendrites of thick- tufted L5 pyramidal neurons

First, in the present study the morphological and functional properties of thick-
tufted L5 pyramidal neurons of mouse vibrissal cortex were characterized as the
basis of the functional study. The dendritic reconstructions show distinct morphology
of this specific cell- type with the location in deep parts of L5. Another property of
L5B cell population is the long apical dendrite, oblique branches with lateral
orientation and extensive dendritic arborization in L1. These specific morphological
characteristics define also the intrinsic membrane properties revealing two patterns
of spiking as response to a prolonged stimulus: fast- spiking and intrinsically-
bursting firing modes.

Previous works on characterization of thick- tufted L5 pyramidal neurons are in
line with the present study providing similar descriptive results of the morphological
and physiological properties of this specific cell- type (Larkman and Mason, 1990;
Connors and Gutnick, 1990; Wang and McCormick, 1993; Kasper, et al., 1994;
Angulo et al., 2003; Groh et al., 2010).

The future detailed studies of the electrophysiological properties can extend
the role of L5 pyramidal neurons as the output neurons of the cortex (Reichova and
Sherman, 2004). Additionally, the distinct dendritic architecture of this cell population
with the extensive branching in L1 provides the interest for further investigations of
the functional applications of such morphology in the synaptic transduction in the

high- level cortical signaling mechanisms.

Next, Ca*" signaling from individual spines and parent dendrites in the distal

branches was analyzed. In this work the single- shock stimulation of the afferent
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fibers in L1 evoked large Ca*" transients from a single spine, whereas synaptic
stimulation at high frequency elicited recruitment of the neighboring spines and
additionally evoked Ca** transients in the parent dendrite. Also, an increase in the
amplitude of the single- shock stimulus evolved Ca?* transient in several spines with
Ca?" influx in the dendritic tree. The possible mechanisms for such cooperativity can
be the activation of VGCC or previously described NMDA- spike (Larkum and
Nevian, 2008; Larkum et al., 2009). The further examinations with the use of the
antagonists are to be implemented in order to investigate the mechanisms involved.

My results additionally describe that Ca®" signaling in the dendritic spines in
the apical tuft is NMDAR- dependent. Ca?* transients were reversibly blocked with
the application of the NMDAR antagonist APV, showing that the major entry of Ca*
in the apical tuft is through NMDARs. The application of AMPAR antagonist NBQX
caused the reduction of the amplitude of Ca®" transient, although the role of
AMPARSs in Ca* influx is not excluded.

In previous study the similar results were found in different brain regions:
Kovalchuk et al., 2000 described the role of NMDAR and AMPAR in the synapses of
the hippocampal neurons. Additionally, in rat hippocampal pyramidal neurons it was
described that AMPAR channels have low Ca®* permeability, thus indicating the
other sources providing significant Ca* influx (Jonas and Sakmann, 1992). Holthoff
et al., 2004 showed similar with the present study results from individual spines in
the apical and basal dendrites of L5 pyramidal neurons of the mouse visual cortex.

The release probability (p,) investigated in the present study showed the
efficacy of the apical tuft synapses quantified as 80%. That differs from previous
studies indicating the stochastic nature of the process and high variability of the
release probability in different synapses (Branco et al., 2008; Branco and Staras,
2009). The past works determined average p, value of 0.5 in the synapses and low
values investigated in vivo (Borst, 2010).

Thus, the presence of large Ca?* transients elicited into response of single-
shock stimulation in the apical tuft and high p, at the distal synapses can provide
several hypotheses of its mechanism and possible functional applications in the
neuronal information transduction. Does the high p; presents the particular property
of thick- tufted L5 pyramidal neurons due to their distinct dendritic morphology and
therefore increased surface of the received synaptic input (Rall, 1962)? Or due to
the specific innervation sources provided to the distal branches located in the upper
parts of L1 adjacent to pia from the determined input target? Another hypothesis
supports the idea that the apical tuft can function as an independent part of the cell
with its particular physiological properties. Thus, the previous work described the
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three functional compartments model of thick- tufted L5 pyramidal neuron with
proximal apical dendrites and obliques, basal dendrites and axonal initiation zone,
tuft dendrites and distal apical initiation zone (Larkum et al., 2001).

It is also possible, that the apical tuft supports the synaptic democracy
mechanism (Hausser, 2001; Roth and London, 2004; Rumsey and Abbott, 2006)
with the synaptic scaling for the compensation of the fine- size of the dendritic
branches supplying equilibrium of the terminal processes with the proximal parts of
the neuron.

The apical tuft can be referred in the hierarchy of the brain architecture as the
source of integration of the high- level cortical signals. This is particular important in
the study of L5B pyramidal neurons due to their specific morphological architecture
of the extensive dendritic arborization pattern in L1 and considering the function of
this specific cell- type as driving output neurons of the cortex (Reichova and
Sherman., 2004.).

| would propose for future studies to include the functional examination of the
apical tuft of L5 pyramidal neurons with regards to the synaptic plasticity and most
importantly the investigation of the functional properties of the distal dendrites and

distal spines in vivo.
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