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In vivo optogenetic mterrogation
of dendrite-specific
synaptic mtegration

during network activity



SUMMARY

Excitatory cortical pyramidal neurons are the principal output of the neocortex, and have
been associated with advanced cognitive functions of the brain. Pyramidal neurons display
an anatomical and functional segregation whereby the basal and apical dendrites, that extend
to different cortical layers, receive synaptic inputs from different sources. This structure
gives them the hypothesized ability to function as an associative link between different
streams of information arriving to the cortex to electrotonically distant branches of single
neurons. /n vivo cortical pyramidal neurons are constantly active but it is unclear how
network activity impacts on synaptic input integration. The aim of this study is to investigate
whether synaptic integration in layer 2/3 pyramidal neurons in vivo is determined by input
location, moreover I assess the contribution of cortical network activity to dendrite-specific
integration.

I used subcellular two-photon stimulation of Channelrhodopsin-2 expressing neurons and
in vivo whole-cell recordings to show that network activity acts as a location specific
modulator of synaptic input strength. Synaptic input to apical dendrites is reduced and
compartmentalized in a distant-dependent manner during slow network activity in
anesthetize and awake animals. However during active movement in awake mice input from
apical dendrites is increased in amplitude. On the other hand, basal synaptic input undergoes
a gain modulation during slow network activity whereby small amplitude inputs are
amplified and large amplitude inputs are reduced. Activity-dependent gain modulation was
also observed for glutamatergic thalamic and local monosynaptic pyramidal cell inputs
thought to target basal dendrites. Basal dendritic gain modulation was dependent on a
postsynaptic mechanism involving voltage-gated sodium channels.

Thus, I propose that a central functional role of slow cortical network activity is to
compartmentalize processing of top-down information thought to target apical dendrites,
while amplifying small amplitude bottom-up inputs to basal dendrites. This cell-intrinsic

mechanism could serve to bind functionally distinct subthreshold information in single cells.



ZUSAMMENFASSUNG

Erregende Pyramidalzellen stellen die primdren Ausgédnge des Neokortex dar, und werden
mit hoheren kognitiven Funktionen des Gehirns in Verbindung gebracht. Pyramidalzellen
zeigen eine anatomische und funktionelle Aufteilung, bei der die apikalen und die basalen
Dendriten, die sich in verschiedene kortikale Schichten erstrecken, synaptische Eingédnge
aus verschiedenen Quellen erhalten. Durch diesen Aufbau kdnnten sie als Verbindung
zwischen verschiedenen Informationsstromen fungieren, die an elektrotonisch weit
voneinander entfernten Verzweigungen einzelner Neurone im Kortex ankommen. Kortikale
Pyramidalzellen sind in vivo kontinuierlich aktiv, aber es ist unklar, wie die
Netzwerkaktivitit die Integration synaptischer Eingénge beeinflusst. Das Ziel dieser Studie
ist es, zu untersuchen, ob die synaptische Integration in Pyramidalzellen in Schicht 2/3 in
vivo durch den Ort des Informationseingangs bestimmt wird. Des Weiteren betrachte ich den
Beitrag kortikaler Netzwerkaktivitat zur Dendriten-spezifischen Integration.

Ich habe subzelluldre Zwei-Photonen-Stimulation von Channelrhodopsin-2-exprimierenden
Neuronen sowie in vivo Ganzzellableitungen verwendet, um zu zeigen, dass die
Netzwerkaktivitit als ortsspezifischer Modulator der synaptischen Eingangsstarke wirkt.
Synaptische Eingédnge an apikalen Dendriten sind wihrend langsamer Netzwerkaktivitét in
narkotisierten und wachen Tieren in einer entfernungsabhéngigen Weise abgeschwicht und
in Abschnitte gegliedert. Wihrend aktiver Bewegungen wacher Méuse zeigen die Einginge
von apikalen Dendriten jedoch eine grofBere Amplitude. Synaptische Eingénge basaler
Dendriten wiederum zeigen eine Modulation des Verstiarkungsfaktors wiahrend langsamer
Netzwerkaktivitét, durch die Eingénge kleiner Amplitude verstirkt und groBer Amplitude
abgeschwicht werden. Eine aktivitdtsabhidngige Modulation der Verstirkung wurde auch
bei glutamatergen Eingdngen vom Thalamus sowie lokalen monosynaptischen
Pyramidalzelleingéingen beobachtet, die vermutlich an basalen Dendriten ansetzen. Die
Modulation der Verstirkung an basalen Dendriten hing von einem postsynaptischen
Mechanismus unter Mitwirkung spannungsabhingiger Natriumkanéle ab.

Somit ist es meine Hypothese, dass es eine zentrale funktionelle Rolle langsamer

Netzwerkaktivitit ist, die Verarbeitung vermutlich an apikalen Dendriten eintreffender Top-



ZUSAMMENFASSUNG

Down-Information aufzugliedern, wihrend Bottom-Up-Eingédnge kleiner Amplitude an
basalen Dendriten verstirkt werden. Dieser den Zellen intrinsische Mechanismus konnte
dazu dienen, funktionell unterschiedliche unterschwellige Informationen in einzelnen Zellen

zu verbinden.
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1 INTRODUCTION

If the brain were simple enough for us
to understand it, we would be too
simple to understand it.

Ken Hill

The human brain is one of the most sophisticated structures evolution has ever generated. It
comprises nearly 100 billion neuronal cells (Azevedo et al., 2009) linked together by more
than 100 trillion chemical synapses (Pakkenberg et al., 2003). They form a vast neuronal
network that is supported by many other types of cells and contains a large number of
specialized subsystems (Meunier et al., 2010). These systems operate partially
independently and communicate via massive tracts of fibers (Thivierge and Marcus, 2007).
Together they control the homeostasis of organs and systems throughout the body, serve as
terminals that collect and organize sensory input for perception, and ultimately coordinate
behavior such as voluntary movements. The structure of this system in humans generates
thoughts, feelings, and conscious awareness. A long-term aim of the neurological sciences
is therefore to identify the neural substrates involved in highly complex mental processes
such as perception, learning and memory, decision making and, ultimately, consciousness
and relate them to their anatomy.

Under the pressure of evolution, brain functions have shaped cerebral structure and in
turn, brain architecture determines the operations that are possible. Likewise, activity and
structure are functionally interlinked. These two central aspects of the brain have been
typically studied in parallel by implementing separate types of experiments: anatomical
studies that define the arrangement of cells in interconnected micro- and macro-circuits, and
functional studies investigating the cellular mechanisms of electrochemical activity.
However, early relationships between brain regions and functions were established in the
19" century, with the experimental method of introducing lesions in localized regions of
animal brains and describing their effects on motor function, sensation and behavior (Pearce,
2009). Relating brain activity to neuronal fibers at a finer resolution required new methods

of staining and mapping of neurons, which showed that the nervous system is composed of
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INTRODUCTION

a huge number of individual nerve cells that are connected by synaptic terminals positioned
throughout anatomically widespread and distributed dendritic structures (Golgi, 1873;
Ramon y Cajal, 1904).

Neuronal signals flow through a labyrinth of cerebral synaptic connectivity; they are
transmitted through synapses and the convoluted neuronal dendritic arbor leads and shapes
the integration of synaptic input in single neurons. The activity of the network is a product
of the signals flowing through this complex architecture and the routes they take. This means
that a single neuron's activity is tightly connected to the processes taking place in a large
network of cells, and it cannot properly be described independently from the structure and
activity of this larger environment. In the 20" century, electroencephalography (EEG)
provided evidence that neurons interact as a unified network by generating electrical activity
waves in the brain (Berger, 1929). Since then EEG has provided a holistic view of a brain
that is constantly active and revealed that the amplitude and frequencies of brain waves
change as a neuronal network becomes involved in different activities (Destexhe et al., 2003;
Sanchez-Vives and McCormick, 2000). A major step toward linking these phenomena to
neuronal activity was made using fine glass pipettes to record electric potentials from single
neurons (Brock et al., 1952). Whole cell patch clamp recordings of neurons in acute brain
slice preparations have permitted precise analyses of the transmission of signals among
groups of neurons, making it clear that the dendritic integration of single synaptic inputs
plays a major role in a neuron's output (Rall, 1967; Spruston, 2009) and, by extension,
ultimately shapes the activities of the network. Constant developments and improvements in
electrophysiological, optical and molecular techniques have now made it possible to study
neuronal processing in the living, active brain.

While in vivo electrophysiology has contributed to our understanding of neuronal activity
during sensory perception, questions regarding the integration of dendritic synaptic inputs
in vivo remain open. Addressing this issue would require the ability to make recordings of
single neurons in living animals, as well as to control and monitor synaptic inputs to specific
sub-cellular locations. In this study, I focused on how internal brain activity influences the
integration of synaptic inputs received from different dendritic locations in single cortical
pyramidal neurons in vivo, with an overall aim of linking neuronal anatomy to its

physiological function.
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INTRODUCTION

1.1 Somatosensory cortex

During evolution, the differentiation of Animalia from other Kingdoms saw a development
of neuronal cell assemblies needed to carry out two main types of tasks: first, the detection
of environmental changes and secondly, the control of movement in response. Along with
the evolution of sensory organs, animals' perception of the environment became more and
more elaborate and could only be computed if they were accompanied by a parallel increase
in the complexity of neuronal structures. In the mammalian brain, the area devoted to the
perception and integration of sensory input is the sensory neocortex. My thesis focusses on

synaptic integration between neocortical neurons of the somatosensory cortex.

1.1.1 Cortical cell types

The somatosensory cortex can be anatomically divided into six layers (Ramoén y Cajal,
1899). Each layer has its own particular arrangement of cell populations and pattern of
connectivity within the layer, across the other layers and with other brain structures (Douglas
and Martin, 2004). The neocortex neuronal population has been classified according to
criteria based on anatomical and electrophysiological features, projection targets, genetic
labeling and molecular markers. About 75% of cortical neurons are glutamatergic excitatory
pyramidal neurons, which are found in all the layers, at a higher proportion in layers 2 and

3 (L2/3), 5 and 6 (Binzegger, 2004; Oberlaender et al., 2012) (Figure 1).

pia surface

white matter

Figure 1. Definition of excitatory cell types in a barrel column.
Cluster analysis of morphological features of 9 identified excitatory cell types across L1 to L6b of
the somatosensory cortex (Reproduced, with permission, from Oberlaender et al., 2012).

The remaining 15-20% of neurons in the somatosensory cortex are cortical inhibitory

interneurons releasing y-aminobutyric acid (GABA). They belong to three main, non-
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overlapping subsets (Lee et al., 2010). 30% are parvalbumin-positive (PV) neurons that form
GABAergic synapses around the soma, proximal dendrites and the axon initial segment of
pyramidal neurons (Packer and Yuste, 2011) and also innervate other interneurons. PV fire
thin action potentials (APs) and sustain tonically very high firing rates, so they are regarded
as fast-spiking neurons (Steriade, 2001) and are thought to be rather non-selective in their
inhibitory target neurons. The largest population of interneurons (50%) are cells that express
vasoactive intestinal peptide (VIP), which mostly inhibit other inhibitory cells (Staiger et al.,
2004). The smallest group, representing the remaining 20% of the GABAergic population,
consists of somatostatin-expressing (SST) interneurons that mainly inhibit the distal

dendrites of pyramidal neurons (Jiang et al., 2013; McGarry, 2010; Wang et al., 2004).

1.1.2 Laminar connectivity

Cortical layers have complex input and output connectivity with long range and local
connections (Figure 2). Within the superficial layers of the neocortex, layer 1 is only
populated by a scarce number of inhibitory interneurons and the long range excitatory
projections entering from other cortical regions, including the motor cortex (M1) and sub
cortical regions such as the posteromedial complex of the thalamus (POm), innervating
apical dendrites of L2/3 and L5 pyramidal neurons (Veinante and Deschénes, 2003; Wimmer
et al., 2010). Dense populations of pyramidal excitatory neurons can be found in Layers 2
and 3; they locally innervate other L2/3 neurons, provide excitation to L5 (Feldmeyer et al.,
2006) and also manage long-range communication through axonal projections that stretch
to distant cortical areas. In terms of input, L2/3 neurons are innervated by excitatory contacts
from L4 and LS5 in addition to long-range input from M1, POm and the ventroposteromedial
thalamus (VPM) (Feldmeyer et al., 2002; Veinante and Deschénes, 2003; Wimmer et al.,
2010). L4 has a population of characteristic excitatory spiny stellate neurons that gives it a
granular cytological appearance and represent the main input layer of the cortex. Sub-
granular Layer 5 pyramidal neurons provides the largest source of cortical output (Harris
and Shepherd, 2015). The pyramidal neurons of deep layers 5 and 6 are very large cells that
project their apical dendrites vertically up to layer 1 (L5) or layer 4 (L6) and innervate
profusely along the layers and other cortical and non-cortical areas.

The cellular organization and connectivity of the neocortex structures the way sensory

information is processed and integrated. Its layered architecture directly influences each
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neuron, while the different types of cells play distinct roles in its information processing

functions.

L1 <

L2/3

L4 o o« —

L5A l =

L5B

|
L6 6 v i

VPM

POM

100 pm

Figure 2. Excitatory synaptic input-output relationships in the somatosensory barrel cortex.
Left: confocal image of DAPI-stained nuclei (cyan) at a single focal plane through the C2 barrel
column. Middle: schematic representation of the cortical layers (barrels within L4 in cyan) with
examples of typical dendritic morphologies of excitatory cortical neurons (in red, an L2 neuron;
in blue, a spiny stellate L4 cell; in green, an L5B pyramidal neuron). Right: schematic
representation of the main excitatory connections between cortical layers within a barrel column
(black), as well as the main thalamic inputs to the barrel cortex from the VPM nucleus (green) and
the POm nucleus (red) (Reproduced, with permission, from Petersen and Crochet, 2013).

1.1.3 Pyramidal neuron structure and function

Pyramidal neurons are found primarily in forebrain structures such as the cerebral cortex,
the hippocampus and the amygdala, areas which have been associated with advanced
cognitive functions in the brains of mammals, birds, reptiles and fishes (Elston, 2003;
Nieuwenhuys, 1994). Most of the synaptic input pyramidal neurons receive (75-95%) is
excitatory. It may originate with other pyramidal neurons in their vicinity, from other cortical
areas and direct thalamic input (DeFelipe and Farifas, 1992). In terms of output, pyramidal
neurons of the neocortex form excitatory glutamatergic synapses with local and distant
cortical and non-cortical brain areas, including the spinal cord, brainstem, basal ganglia and
thalamus (Harris and Shepherd, 2015).

Pyramidal cells have a particular anatomy with an extended dendritic tree that is able to

receive thousands of inputs and a lone axon, typically emanating from the base of the soma
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and branching profusely, making many synaptic contacts along its length (Spruston, 2008).
The soma is characteristically large and pyramidal in shape with a large base. One of the
defining anatomical features of pyramidal neurons is their pattern of dendritic branches.
While basal dendrites extend laterally from the cell body and mainly receive input from local
circuits (Feldmeyer et al., 2006), apical dendrites ascend vertically to other cortical layers,
in particular to layer one, where in some pyramidal neurons a prominent dendritic arbor
extends in a typical tuft shape (DeFelipe and Farinas, 1992) (Figure 2, Figure 3). This region
predominantly collects information from other cortical and non-cortical brain regions

(Shipp, 2007).

Feed-forward Feedback BAC firing
N/ >N/ >
Internal/ Internal/
prediction prediction
External/ External/
data data

=% =%

I N I ll A

(Steady, low-freq) (Sporadic, high-freq) (Sustained, bursts)

Figure 3. Conceptual representation of pyramidal neurons functioning as a coincident
detector.

Any given perception is represented internally via a cortical ‘engram’ of neurons receiving feed-
forward (blue) and feedback (red) information. In this hypothesis, the concept of an engram is
functionally encapsulated by pyramidal neurons because they are the only cells that project to
other areas within and outside the cortex. Neurons receiving predominantly feed-forward
information are likely to fire steadily at low rates, whereas feedback input to the distal dendrite
should occasionally reach the threshold and produce a short burst of action potentials. The
simultaneous combination of the two streams will result in sustained firing and possibly change
the mode of firing to bursts (Reproduced, with permission, from Larkum, 2013).

This structure is thought to give pyramidal neurons the ability to function as an associative
link between sensory (or feedforward) input from thalamus and associative, centrally
generated (or feedback) input which arrives at the upper layer from other cortical areas
(Larkum, 2013). In L5 pyramidal neurons these functions are thought to be served by their
active dendritic integration capabilities (Major et al., 2013), such as the backpropagation

activated calcium channels (BAC) (Larkum et al., 2009) (Figure 3).
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Its hypothetical role as a coincident detector makes the pyramidal cell an important
component of the cortex's capacity to integrate information. This means that insights into
cortical information processing can be gained by studying how pyramidal neurons collect

and integrate synaptic input, to generate spiking output.

1.1.4 L2/3 pyramidal neurons

The superficial layers of the neocortex receive information from numerous other neocortical
regions and respond by signaling to a similar number of other regions. This positions them
at a key point in the network for integration of information across cortical areas (Harris and
Shepherd, 2015). Layer 2/3 is an area with the highest number of synapses and pyramidal
neurons of this region represent the most abundant population of cells in the cortex
(Binzegger, 2004). However, compared to the large layer 5 pyramidal neurons, layer 2/3
pyramidal neuronal subcellular compartments are more poorly defined (Figure 1) and they
respond to sensory stimuli more sparsely and less frequently than those of L5. Together
meaning that it has been harder to evaluate their functions (Barth and Poulet, 2012; Petersen
and Crochet, 2013).

Neurons in superficial layers exhibit a level of spontaneous and evoked activity that is
many times lower than that seen in deep layers. The lower firing rates of L2/3 excitatory
neurons are partly a result of resting membrane potentials (Vim), which are more
hyperpolarized than in L5 pyramidal neurons (Lefort et al., 2009). A subset of layer 2/3
pyramidal neurons robustly fire to sensory input but the vast majority produces only few
APs in response to a given sensory stimulus (Hroméadka et al., 2008; O’Connor et al., 2010).
The sparse firing of L2/3 neurons is modulated by anesthesia and brain state and is not
thought to be due to an absence of excitatory input, but rather because their firing is strongly
inhibited. Recent studies suggest that L2/3 pyramidal neurons show a certain degree of
selectivity for visual (Ohki et al., 2006, 2005), auditory (Bathellier et al., 2012; Rothschild
et al., 2010) and somatosensory stimuli (Andermann and Moore, 2006; O’Connor et al.,
2010). So there is increasing evidence for high stimulus selectivity as a functional cause of
sparse firing in L2/3 excitatory neurons (Barth and Poulet, 2012; Petersen and Crochet,
2013).

The supragranular layers may therefore have a central role in the fine selection and
integration of information across the neocortex, with L2/3 pyramidal neurons being main

actors in this process. While these neurons receive high levels of excitatory input, the low
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firing rates suggests that signals along the dendritic arbor are subjected to a finely tuned
process of integration that gives rise to output only in specific situations. These factors make

L2/3 pyramidal neurons an interesting model to study the integration of subthreshold signals.

1.2 Cortical monosynaptic transmission and integration

The integration of synaptic inputs in single neurons and the way in which a neuron generates
action potential outputs is a critical feature of the computational capacity of the entire
cortical network. Pyramidal neurons receive input through ligand gated ionotropic or
metabotropic receptors. Both are transmembrane proteins and are activated by the binding
of a specific ligand that has been released by the presynaptic bouton. While metabotropic
receptors have a slower, modulatory effect on synaptic transmission, ionotropic receptors
are fast-opening channels that can be excitatory or inhibitory, depending on the type of ion
they are selective for. The majority of inhibitory synapses release GABA, which opens
anionic channels selective for chloride ions (CI') and responsible for inhibitory post-synaptic
potentials (IPSPs).

The most common excitatory neurotransmitter in the brain is glutamate, which binds to and
activates the alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA),
Kainate and N-methyl-D-aspartate (NMDA) receptors (Auger and Marty, 2000). When
opened, these channels allow an electrotonic flow of positive ions such as sodium (Na®),
potassium (K*) and calcium (Ca**) (NMDA only), and this ultimately leads to membrane
depolarization. The arrival of a single action potential at the excitatory presynaptic terminal
triggers a quantal release of glutamate, which can activate one or more synaptic spines that
expose ionotropic receptors (Auger and Marty, 2000). The resulting membrane
depolarization is defined as the unitary excitatory post-synaptic potential (W\EPSP), and it
represents the functional unit of neuronal communication.

Neurons are able to receive thousands of almost simultaneous synaptic inputs because of
their intricate, extended dendritic arbor. Morphological studies have shown that non-spiny
symmetric synapses that form on the soma, perisomatic regions and the initial segment of
the axon are predominantly of the inhibitory type, whereas excitatory synapses, which
represent 75-95% of the total input, are arranged all along dendritic regions (DeFelipe and
Farifias, 1992; Larkman, 1991). Excitatory synapses are not randomly distributed along the

dendritic tree: more than 95% of them form on dendritic spines and are called of the
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asymmetric type (Colonnier, 1968), thus the allocation of spines is strongly related to input
arrival position.

How an individual EPSP affects the generation of the action potential at the somatic level
depends on how it is transmitted from the postsynaptic bouton along the dendrite. Along this
path, it will be integrated with other EPSPs and IPSPs, modulated by voltage gated channels
and a range of other passive and active processes which occur in dendrites (Larkum and

Nevian, 2008; Rall and Rinzel, 1973; Spruston, 2008; Stuart and Spruston, 2015).

1.2.1 Synaptic integration in cortical neurons

The dendritic integration of signals is regulated by passive and active dendritic properties.
Passive properties, which are modeled based on cable theory, depend on dendritic structure,
size, and branching and are assumed to have properties like conductive cables with leaky
membranes immersed in a conductive medium (Rall, 1967). These features impose the rules
on the spatial and temporal calculation of the effects of EPSPs and IPSPs and ultimately
determine the temporal broadening and amplitude filtering of the signal as it appears at the
soma (Cuntz et al., 2014; Spruston, 2009).

The active properties are based on the effects of different voltage-dependent currents as
determined by the distribution of channels, which varies across cell types and dendritic
regions. Active properties in pyramidal neurons include the effects of regenerative dendritic
events such as calcium, NMDA and sodium spikes (Larkum and Nevian, 2008; Major et al.,
2013). Such voltage dependent currents are thought to be activated by simultaneous,
clustered inputs; they enhance signals and overwhelm the normal attenuation introduced by
filtering. Moreover dendritic spikes interact with back-propagating action potentials (bAPs)
during cell firing (Larkum and Nevian, 2008). Persistent sodium currents (Nap) can also
increase the synaptic input amplitude at depolarized levels (Stuart and Sakmann, 1995) while
sodium-potassium hyperpolarization-activated currents (I») can have a normalizing effect on
synaptic input amplitude (Magee, 1999). More factors come into play along the route of a
single synaptic input toward the soma: as excitatory and inhibitory synapses are activated, it
can be boosted or dampened (Lee and Dan, 2012; Spruston, 2009). These currents affect
more than just the inputs; they also change the conductance properties of the path along
dendrites, which in turn affects the propagation of the signal and the degree of leakiness of

the neuronal membrane (Destexhe et al., 2003; Spruston, 2009; Williams, 2004) (Figure 4).
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Figure 4. Dendritic attenuation and filtering of an EPSP.

A schematic diagram of a pyramidal neuron, indicating the pyramidal soma, apical dendrites (from
soma apex), basal dendrites (corners of soma base), and an axon (from center of soma base). a.
Activation of a synapse on an apical dendrite produces a local EPSP (top) that is larger and faster
than the EPSP recorded at more proximal locations (as indicated by recording electrodes). EPSP
attenuation is caused by loss of charge between the synapse and other locations, as well as changes
in local input impedance. b. Synaptic inhibitory input sum up to the potential shunting ultimately
the EPSP. ¢. Active dendritic currents, elicited by EPSP depolarization amplify the resulting
somatic contribution of EPSPs. (Reproduced, with permission, from Spruston, 2009).

The dendritic integration properties of neocortical pyramidal neurons have been
characterized extensively in in vitro studies (Larkum and Nevian, 2008; Spruston, 2008).
Acutely dissociated neuronal preparations have the advantage of isolating single neurons
from their networks, so that an input can be finely tuned and the output can be described
unambiguously (Giugliano et al., 2004). Acute brain slice preparations preserve part of the
local network in which the neuron is embedded as well as the structure and the original
connectivity of that circuit. EPSPs from synaptic connections in cortical slice preparations
can be elicited and recorded (Markram et al., 1997) and active dendritic properties can be
described in the context of established neuronal models (Major et al., 2008).

In comparison to such in vitro techniques, intracellular recordings in intact living animals
have presented methodological obstacles, and there have only been minor successes in
achieving fine control over synaptic integration by using extracellular drugs. /n vivo studies,
however, are the best way to study neuronal function under unaltered physiological
conditions and, besides preserving the entire structure and connectivity of the brain, in vivo
recordings permit monitoring neuronal computation during spontaneous activity of the
network, which is typically lost in vitro. This background activity includes the effects of
neuromodulatory pathways, which can have a marked influence on cellular properties and

network activity in vivo (Lee and Dan, 2012). As a result, in vitro studies can only provide
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a description of possible types of computations that can be performed by dendrites. They are
well suited for studies of the physical machinery and integrative capabilities of dendrites,
but they cannot resolve which of the many integration mechanisms observed in vitro actually

come into play in the brain in active networks (Stuart and Spruston, 2015).

1.3 Spontaneous cortical network activity

A brain can be seen as a predictive device whose anticipatory powers emerge from the
various rhythms it generates. Nervous systems are active at all times during waking and
sleeping but the physiological functions of different brain rhythms vary between a few that
are obvious to the impenetrable (Buzséki, 2006). Examples of the obvious type are breathing
or walking, effortless exercises that are made possible by self-sustaining spinal cord
oscillators termed central pattern generators (Brown, 1911; Marder and Calabrese, 1996;
Wilson, 1961). Centrally generated rhythmic neuronal activity is also fundamental for more
complex brain functions such as memory formation in the hippocampus and perception and
cognition in the neocortex. Cortical network activity that has been observed since the first
EEG recordings made in awake animals and humans. Researchers initially defined five
fundamentally different types of cortical “brain waves” (Berger, 1929; Buzsaki, 2006; Clark,
1946; Demos, 2005; Kobayashi and Himwich, 1962; Woolsey et al., 1947). Gamma waves
(40 to 100 Hz) are involved in higher processing tasks as well as cognitive functions. Beta
waves (12 to 40 Hz) are known as high-frequency, low-amplitude brain waves and are
commonly observed in awake animals. Alpha waves (8 to 12 Hz), known to be important for
memory consolidation and emerge with relaxation. Theta waves (4 to 8 Hz) are involved in
restorative sleep and are connected to the experience and feelings evoked by deep emotions.
In the hippocampus, the coupling of slow theta and gamma activity is vital for memory
functions such as episodic memory (Buzsaki, 2006; Nyhus and Curran, 2010). Finally, Delta
waves (< 1 to 4 Hz) are observed during periods of deep sleep. Virtually no nervous system
function, be it the simplest motor event or the most complex cognitive act, exists outside of
a rhythmic time metric therefore to understand the contributions of specific neurons to
complex brain tasks such as perception, motor control, learning and cognition, influences of
different brain activities need to be taken into account.

Many functions have been ascribed to cortical network activity including enhanced
responsiveness or gain modulation that can improve signal detection in central neurons, a

reduction in the variability of responses and a sharpening of temporal processing capabilities
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(H6 and Destexhe, 2000; Rudolph and Destexhe, 2003; Stacey and Durand, 2001). During
synaptic “noise” neuronal responses have an augmented capacity to follow high-frequency
synaptic stimulation and can detect rapid changes of temporal correlation among thousands
of input sources (Rudolph and Destexhe, 2003, 2001). In addition, even low-amplitude
excitatory inputs can have a small probability of evoking spikes in high-conductance states
with consequences at the network level (Chance et al., 2002; London et al., 2010). Moreover,
dendritic plateau potentials are correlated with active brain states induced by sensory
stimulation and play a role in promoting long-term potentiation in thalamo-cortical

connections (Gambino et al., 2014).

1.3.1 Network activity effects on neuronal membrane potential

Network activity is observed in intracellular membrane potential (Vi) recordings in vivo.
These can be performed in intact brains during different periods of brain activity (Destexhe
et al., 2003) (Figure 5 b, c). Even under deep anesthesia, induced through barbiturates,
neurons are subject to spontaneous synaptic input, producing slow synchronous waves of
activity. Under ketamine-xilazine or urethane anesthesia, neurons fluctuate between periods
of high and low synaptic activity to produce a pattern similar to slow-wave sleep (Destexhe
et al.,, 2003). These slow membrane potential fluctuations induce a hyperpolarized,
synaptically quiescent Downstate which alternates with a depolarized, active Upstate
(Steriade et al., 1993) (Figure 5 b). During active network states, layer 2/3 pyramidal neurons
receive a continuous barrage of excitatory and inhibitory synaptic inputs throughout their
dendritic tree and soma (Destexhe and Paré, 1999). This intense background activity arises
from the thalamo-cortical and intracortical presynaptic neurons, and is thought to be
sustained by layer 5 neurons (Beltramo et al., 2013). The thalamo-cortical excitatory
connections loop has a key role in controlling and sustaining the alternating cortical state
change (Poulet et al., 2012). The modulation of brain states is also influenced by cholinergic,
GABAergic and noradrenergic projections from the brainstem and basal forebrain (Lee and
Dan, 2012).

Switches from the Down- to the Upstate causes the postsynaptic membrane voltage to
fluctuate, resulting in a net depolarization of the somatic Vi and sparse and irregular action
potential firing during Upstates (Barth and Poulet, 2012; Destexhe et al., 2003). In contrast,
during the quiescent Downstate, the cell receives little or no synaptic input, resulting in a

more hyperpolarized Vi, which more closely resembles the in vitro situations (Figure 5 a,
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b). From Down- to Upstates the biophysical properties of cortical neurons are thought to
change substantially and have important consequences for synaptic integration (Bernander
etal., 1991). Consequently, observations carried out in vitro may not be directly transferrable

to in vivo situations (Steriade, 2001).

1.3.2 Awake rest and active movement

Recently, intracellular recordings have shown distinct patterns of cortical activity in
awake, resting or actively behaving animals. Large amplitude, slow (< 5 Hz) fluctuations of
the Vi of cortical neurons are a hallmark of quiet wakefulness in mice (Crochet and Petersen,
2006; Poulet and Petersen, 2008). These Vm fluctuations are similar to the Up- and
Downstates induced by anesthesia. Even though the hyperpolarized Vi (Viyp) lasts for a
shorter period of time than in a Downstate, it is similar in Vi, value, as the depolarized phase
(Vaep) 1s similar to an Upstate V. On the other hand, during active movement, when the
mouse is actively scanning its environment, these slow membrane potential fluctuations are
suppressed. The variance in membrane potential is decreased and the remaining fluctuations
of the membrane potential become less correlated in nearby neurons. Additionally,
excitatory neurons depolarize on average by a few millivolts (Poulet and Petersen, 2008)
(Figure 5 ¢).

The desynchronized cortical state in the primary somatosensory (S1) cortex during
movement correlates with an increased firing rate of thalamo-cortical cells, driving
important aspects of the cortical state change during movement (Poulet et al., 2012).
Neuromodulatory inputs are also likely to play a significant role in generating
desynchronized brain states (Constantinople and Bruno, 2013; Lee and Dan, 2012).

Network activity has a profound effect on the synaptic input evoked by somatosensory
stimulation (Crochet and Petersen, 2006; Petersen et al., 2003; Polack et al., 2013; Sachdev
et al., 2004; Zhao et al., 2016) as well as auditory (Pi et al., 2013; Pinto and Dan, 2015) and
visual stimuli (Pinto and Dan, 2015). Importantly, the cortical sensory processing of the
same peripheral stimulus differs strongly in comparisons between quiet and active cortical
states. The large sensory response evoked during quiet wakefulness might serve to alert the
animal, while the smaller and spatially confined response during the active cortical state

might enhance fine-level discrimination of sensory input (Crochet and Petersen, 2006).
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Figure 5. Intracellular whole-cell recordings during different states of activity.

Comparisons of spontaneous membrane potential oscillations across different cortical states in
L2/3 pyramidal neurons. a. /n vitro recordings obtained in cortical slices; in this case, the network
activity is minimal, as shown by the quiescent intracellular signal, which shows only discrete
synaptic events. b. Under urethane anesthesia, the Vi, oscillates between two phases: depolarized
periods (Upstates) with fast irregular Vr, oscillations; and hyperpolarized periods (Downstates)
during which activities are absent or strongly reduced. ¢. In the awake mouse, the intracellular
recording is characterized by a highly fluctuating membrane potential that is associated with
irregular firing. During quiet periods, the V. oscillate between depolarized (V) and
hyperpolarized (Viyp) phases. During active movements, oscillations are suppressed, the network
is desynchronized and the V, is moderately depolarized.

Little is known, however, about the impact of network activity on unitary excitatory
postsynaptic potentials in vivo. The (EPSP is the smallest signal a neuron can receive from

another neuron and can thus be regarded as the minimal functional unit of neuronal
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communication. Studying how the integration of a single input is affected by different brain
activities is pivotal in understanding neuronal computational rules in vivo, whereby neurons

are subject to numerous simultaneous inputs.

1.4 Impact of cortical network activity on synaptic integration

Neurons evolved a structure of large and elaborate dendritic arbors that collect thousands of
inputs. Signals are integrated with many others and the impact of their contribution is
combined at the axonal initial segment close to the soma, where the action potential may or
may not be triggered. Hence, somatic Vi, fluctuations represent the result of the complex
integration of thousands different inputs across the whole anatomy of the neuron and the
point at which they merge with suprathreshold neuronal activity. The impact of spontaneous
network activity on neurons has been characterized mainly from somatic recordings, but
fully understanding dendritic integration requires considering how brain activity affects
dendritic processing.

Despite the synchronization of dendrites with somatic Vi, and with network activity
during periods of Up- and Downstates (Larkum et al., 2007; Waters and Helmchen, 2004),
the resulting dendritic Vi is only a partial sum compared to the Vi, at the soma. The relative
impact of a synaptic input to the somatic Vi depends on its distance from the soma: inputs
arriving at closer distances contribute more than signals that originate more distantly from
the soma, which may not make much of a contribution. The farther a dendrite is from the
soma, the more it will be subject to local Vi, oscillations (Spruston, 2008; Williams, 2004).
Moreover, in comparison to the soma and perisomatic areas, dendrites are thinner and tend
to shrink toward the tip. This changes the volume surface ratio and thus increases impedance
of the conductive structure (Rall, 1967; Rall and Rinzel, 1973). The high impedance in
dendrites affects their responses to synaptic input by increasing the local amplitude of EPSPs
by up to two orders of magnitude (Jaffe and Carnevale, 1999; Spruston, 2008), making Vi
fluctuations on dendrites sharper, more amplified and turbulent compared to the soma
(Larkum et al., 2007; Waters and Helmchen, 2004). On the other hand, such large amplitude
dendritic (EPSPs encounter a gradient of decreasing impedance toward the soma that
dampens them and can thus filter out most of the distant inputs (Jaffe and Carnevale, 1999;
Nevian et al., 2007; Williams and Stuart, 2002).

When networks are active, other factors affect this passive filtering as well. Modeling

studies have predicted that (EPSPs arriving during an active state would be reduced in
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amplitude due to the lower driving force and shunting effect of increased conductance
(Bernander et al., 1991; Destexhe and Paré¢, 1999). Synaptic noise, however, could also
enhance responsiveness to low amplitude inputs due both to mechanisms of stochastic
resonance induced by voltage fluctuations, which is an amplification of weak inputs by the
assistance of noise in nonlinear systems (H6 and Destexhe, 2000; Rudolph and Destexhe,
2001) and to the activation of active properties of the dendrites (Larkum and Nevian, 2008;
Major et al., 2013). Enhanced dendritic responsiveness is more likely to happen in a
depolarized active network, when even small stimuli can elicit dendritic spikes that reliably
propagate up to the soma (Destexhe et al., 2003).

Another factor influencing integration in active networks states is the presence of voltage-
dependent conductances including potassium, sodium, calcium and I; (sodium-potassium)
currents, which may induce different normalizations of synaptic efficacy (Berger et al.,
2001; George et al., 2009; Migliore and Shepherd, 2002; Stuart and Sakmann, 1995;
Williams and Stuart, 2000). This type of normalization has been found to compensate for
the drop in the somatic amplitude of a synaptic input with increasing distance from soma in
hippocampal neurons (Magee, 1999). In other series of in vitro slice experiments a
broadening of the (EPSP and an increase in amplitude was observed during the
depolarization of a postsynaptic cortical pyramidal neuron (Gonzalez-Burgos and
Barrionuevo, 2001; Hirsch and Gilbert, 1991; Markram et al., 1997; Stuart and Sakmann,
1995; Thomson et al., 1988).

Most of these studies have focused on either hippocampal or neocortical LS pyramidal
neurons. In L2/3 dendritic integration in active states might be different due to the low
expression of I, channels (Albertson et al., 2013; Larkum et al., 2007) and to a
counterintuitive increase in input resistance during Upstates that might trigger an enhancing
effect on synaptic inputs (Mateo et al., 2011; Waters and Helmchen, 2006). Experimental
testing of these hypotheses in vivo is technically difficult, as it requires postsynaptic Vi
recordings and a method to control presynaptic spike timing. Paired recordings from
different cortical cell types have shown a reduction in tEPSP amplitude (Crochet et al.,
2005), while single cell optogenetic stimulation led to no change in the amplitude of uEPSPs
to GABAergic inhibitory interneurons (Pala and Petersen, 2015). Prior work using
extracellular stimulation has shown a decrease (Crochet et al., 2005; Mateo et al., 2011;
Sachdev et al., 2004), an increase (Reig and Sanchez-Vives, 2007) or a rescaling (Reig et

al., 2015) of excitatory inputs to pyramidal neurons during active states.
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Overall, there are heterogeneous predictions and data about the role of network activity
on synaptic integration in cortical neurons. Cortical slice experiments have shown that
synaptic plasticity (Froemke et al., 2005; Losonczy et al., 2008; Sandler et al., 2016) as well
as passive and active membrane properties (Branco et al., 2010; Major et al., 2013; Williams
and Stuart, 2002) are dependent on the location of dendritic inputs. I hypothesize that input
location may also be a key determinant of how tEPSPs are modulated in layer 2/3 pyramidal

neurons during active cortical states.

1.4.1 Dendrite specific synaptic integration

Excitatory inputs to layer 2/3 pyramidal neurons in the primary sensory cortex are
anatomically and functionally segregated. The basal dendrites are confined to the same layer
as the soma and they mainly collect excitatory input from neighboring 2/3 pyramidal neurons
in their local environment (Feldmeyer et al., 2002), L4 spiny stellate neurons (Feldmeyer et
al., 2006), LS pyramids (Lefort et al., 2009) and the thalamic-specific VPM nucleus
(Oberlaender et al., 2012). The large apical dendritic trunk and the vertically branching
dendrites (DeFelipe and Farifias, 1992) gather local inhibitory input and are also targeted by
axons from other cortical regions, such as primary motor cortex (Veinante and Deschénes,
2003) and higher order thalamic nuclei such as the non-specific POm nucleus (Shipp, 2007;
Wimmer et al., 2010) (Figure 2).

Basal dendrites are generally shorter and thinner than their apical counterparts, and are
therefore more subject to the effects of the impedance gradient. However their synapses are
on average closer to the soma, so they suffer less from spatial compartmentalization and are
more susceptible to bAPs. The regenerative dendritic events which occur on basal dendrites
are due to NMDA and sodium but not calcium spikes (Larkum and Nevian, 2008; Nevian et
al., 2007).

Apical dendrites, on the other hand, are on average larger and longer and rely on the apical
dendritic trunk to convey information to the soma. L5 pyramids have an apical dendritic tuft
where conductance is compartmentalized (Williams, 2004); this is nevertheless mitigated by
I currents along the trunk that help to couple the tuft with the soma via bAPs. The tuft
processes information independently, relying on NMDA spikes and the exploitation of
calcium events in the trunk to deliver current to the soma (Larkum et al., 2009). Dendritic
patch clamp studies in quiescent cortical slices have shown that apical and basal dendrites

strongly attenuate synaptic input as it propagates to the soma (Larkum et al., 2007; Nevian
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et al., 2007; Williams and Stuart, 2002). Furthermore, during simulation of network activity
with procedures that allows to control the dendritic conductance with dynamic clamp, the
input from apical dendrites resulted further reduced in amplitude due to apical
compartmentalization (Williams, 2004). Even though L2/3 pyramids have a shorter apical
dendritic trunk, their apical tuft is more electrically compartmentalized than in L5 due to the
almost complete absence of In. bAPs and calcium spikes still contribute, however, to input
integration in L2/3 neurons (Larkum et al., 2007). The simultaneous arrival of robust signals
to basal and apical compartments produces overlapping bAPs, and calcium spikes in the
apical dendritic trunk that are able to transform the neuron’s firing pattern into bursts of high
frequency spikes (Larkum et al., 1999) (Figure 3). This bursting behavior is thought to
represent the output signal in detecting synchronous top-down and bottom-up input, for
which the pyramidal cell might be designed (Larkum, 2013). This also explains the varying
numbers of regular spiking and bursting cells found during different brain activity states
(Steriade, 2001). Moreover, synaptic input coinciding with cell firing has been linked to
localized synaptic plasticity in both basal (Gordon et al., 2006) and apical dendrites (Sandler
etal., 2016).

To control and finely tune this putative coincident detection mechanism, there is also a
contribution from different GABAergic inhibitory interneurons. In L2/3, PV interneurons
from perisomatic inhibitory synapses into pyramidal neurons, are directly excited by the
same pyramids and exhibit an increase in spiking during active states. PVs can therefore be
seen as a negative feedback control and their inhibition affects both basal and apical
signaling (Packer and Yuste, 2011). Martinotti SST interneurons, innervate predominantly
tuft apical dendrites of LS and L2/3 pyramidal neurons in L1 can act to hyperpolarize and
lower firing rates during active states (Jiang et al., 2013; McGarry, 2010; Wang et al., 2004).
SSTs produce a constant inhibition on the apical dendritic compartment of pyramidal
neurons during slow wave fluctuations, which is suppressed in the desynchronized phases
during active movement (Gentet et al., 2012). In addition, a different gradient of expression
of voltage-dependent channels such as I (Berger et al., 2001) potassium (Harnett et al.,
2012) and sodium (Gonzélez-Burgos and Barrionuevo, 2001; Nevian et al., 2007) currents,
which may contribute to dendrite specific integration, have been found in basal and apical
compartments of L5 pyramidal neurons.

To date there has not yet been a comparative investigation of the way synaptic input from

apical and basal dendrites is altered during network activity in L2/3 neurons in vivo.
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Shedding light on whether there is different modulation to specific dendritic input would

help clarify the connection between the anatomy and physiology of L.2/3 pyramidal neurons.

1.5 In vivo techniques for dendritic stimulation

The aim of this project is to study the contribution of cortical network activity in awake and
anesthetized mice on the dendritic integration of ;EPSPs on neocortical layer 2/3 pyramidal
neurons. Moreover, since pyramidal neurons display an anatomical segregation that leads to
different inputs to the basal and apical dendritic compartments, I aim to investigate whether
the somatic impact of a dendritic input arriving at these two branches is influenced in
different ways by the network activity.

To address these goals I needed to record the somatic subthreshold membrane potential of
a neuron in a living mouse while measuring unitary EPSPs, and then develop a method to
stimulate selectively discreet dendritic branches to compare their somatic potentials as the

network carries out different activities under anesthesia or wakefulness.

1.5.1 Currently available techniques

Synaptic integration in vivo involves the processing of spatially separated synaptic inputs
during network activity. So far synaptic integration has been studied in vivo using sensory
(Chadderton et al., 2014; Crochet et al., 2011; Longordo et al., 2013), electrical (Reig et al.,
2015; Sachdev et al., 2004) or population optogenetic stimulation (Mateo et al., 2011). While
these methods permit the activation of real synapses, they lack in anatomical specificity in
input location. They are well suited for studying how neurons participate in processing
sensory signals but do not bring information on how single EPSPs are integrated during
network activity, or whether there is any dendritic-specific computations.

Two-photon glutamate uncaging permits the control of synaptic inputs to specific
locations and has helped in the identification of fundamental properties of synaptic
connectivity and integration in cortical slice experiments (Branco et al., 2010; Losonczy et
al., 2008; Packer and Yuste, 2011). Glutamate uncaging has also been used in silenced
networks in vivo (Noguchi et al., 2011), but its use in studying active networks is limited
because the caged compound acts as an antagonist of GABA transmission and can send
cortical networks into epileptic seizures in vivo (Maier et al., 2005).

In vivo paired recordings of neighboring neurons is a powerful method that allows

recording the subthreshold activity of two connected cells while being able to elicit action
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potentials in the first and recording the EPSP on the second. On the other hand, these
experiments are very difficult and time-consuming, since the connectivity of L2/3
neighboring neuron is quite low (Jouhanneau et al., 2015). Moreover, pyramid-to-pyramid
connections are usually confined to the basal compartment only (Feldmeyer et al., 2006),
and the post-hoc confirmation of the dendritic location of a synapse after an in vivo double
patch lies at the limits of experimental feasibility. This is prohibitive to do in a consistent
manner throughout a whole dataset. To address these issues, I developed a new method using

in vivo two-photon stimulation of an optical activable ion channel — Channelrhodopsin-2.

1.5.2  In vivo two-photon Channelrhodopsin stimulation

Channelrhodopsins are a subfamily of retinylidene proteins, or rhodopsins, that function as
light-gated ion channels (Nagel et al., 2003, 2002). They serve as sensory photoreceptors in
the unicellular green algae Chlamydomonas reinhardtii, where they control phototaxis
(Sineshchekov et al., 2002). Expressed in cells of other organisms, they permit the use of
light to control electrical excitability, intracellular acidity, calcium influx, and other cellular
processes.

Channelrhodopsins can be expressed in neurons using a variety of transfection techniques
(viral transfection, electroporation, gene gun) in genetically defined cell types, at which
point they can be activated by LED, lasers or two-photon lasers (Andrasfalvy et al., 2010;
Yizhar et al., 2011). Channelrhodopsin-2 (ChR2) is an ionic channel that is selective for
monovalent cations such as lithium, Na" and K" with a lower permeability for bivalent cation
such as Ca** (Nagel et al., 2003). Upon activation with blue light (~ 470 nm), ChR2 produces
a depolarizing potential in neurons with a millisecond time precision that can be regulated
in amplitude by adjusting the intensity of the light. Because the cationic permeability and
reversal potential (Viey) of ChR2 are similar to glutamate (Berndt et al., 2011; McBain and
Mayer, 1994), optogenetically evoked subthreshold potentials (OPs) can be tuned in
amplitude and kinetics to mimic EPSPs (Packer et al., 2012; Prakash et al., 2012). Moreover,
stronger stimulation can be used for photostimulation of neurons to probe neural circuits by
eliciting action potentials (Boyden et al., 2005; Emiliani et al., 2015).

The native ChR2 protein has been mutated for functional expression in mammalian cells,
and versions fused with different fluorophores have been engineered to make it identifiable
in organic structures (Boyden et al., 2005). Point mutations have been introduced into the

native genetic sequence to generate several variants with improvements in terms of their
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responsiveness to light, sensitivity to different wavelengths, to deliver a more stable
photocurrent or with faster kinetics that can replicate the millisecond time scale of neuronal
communication (Berndt et al., 2011). Several transfection systems have been developed and
employed to deliver the membrane protein channel to specific neuronal populations or single
neurons in the brain: such as the generation of transgenic lines expressing ChR2,
transduction with viral vectors (especially lentivirus and AAVs) and transfection via in utero
or single cell electroporation (Lin, 2012).

Each of these systems has its advantages and disadvantages: transgenic lines can express
the protein only in a subset of specific neurons but it requires long time for the line
generation. Viruses can be used in wildtype animals, directed to a specific region and can
deliver a very strong expression in few weeks (Herzog, 2007; Nathwani et al., 2011).
Electroporation can achieve a very specific labeling, down to the single cell in the entire
brain but produce a lower expression and throughput rates in comparison to viral vectors
(Judkewitz et al., 2009; Kitamura et al., 2008).

Alongside improvements in Channelrhodopsins, light stimulation has also undergone a
boost of development to achieve specific goals in terms of neuronal activation. ChR2
stimulation has been achieved with different light sources; LED blue lights deliver a broad
and strong activation with a relatively lightweight and low-power system. It is well suited to
obtain the synchronous activation of large populations of neurons or axons. Lasers have a
narrower wavelength of excitation, thus multiple sources with different wavelengths can be
used in combination to trigger different optogenetic tools without an overlap in excitation
(Klapoetke et al., 2014). Lasers used in confocal microscopy have higher spatial specificity
and can target small regions of the brain, permitting more selective types of stimulation.

ChR2 used in combination with two-photon light stimulation permits the spatiotemporal
manipulation of neuronal activity at the single-cell level. In recent years, two-photon laser
microscopy has been widely used in live animal imaging for its clear advantages over
previous methods using single-photon confocal imaging (Denk et al., 1990; Zipfel et al.,
2003). In two-photon microscopy, the Ti-sapphire laser beam is pulsed at femtosecond
intervals, generating frequencies up to 10'* Hz. Phase-locked photons are convoluted into a
flux at the focal plane where two photons, each bearing half the energy required to excite
the fluorophore, can act as a single photon of shorter wavelength (Abella, 1962). The
probability of a simultaneous two-photon event decreases quadratically with distance,
making it nearly impossible a few micrometers away from the focal plane, which

dramatically increases the spatial specificity (Denk et al., 1990). This brings also the
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advantage of using more penetrating infrared light, which is less harmful and less subject to
scattering in comparison to shorter wavelengths (Helmchen and Denk, 2005). Therefore,
two-photon laser imaging increases the depth penetration and resolution that is required to
visualize structures such as neurons embedded in the opaque tissue of the brain (Zipfel et
al., 2003).

The same advantages can be achieved through two-photon light stimulation (Rickgauer
and Tank, 2009). Since the beam of light is virtually absent a few um both laterally and
axially from the focus, the stimulation it evokes can be targeted to spatially confined
dendritic spots (Packer et al., 2012). Two-photon photostimulation offers therefore, the
subcellular resolution required to activate dendritic areas targeted by synapses (Nikolenko
et al., 2007). On the other hand, the extreme high power delivered on a very small spot can
damage cells but this was recently overcame with fast scanning, temporal focusing or
structured light (Andrasfalvy et al., 2010; Gradinaru et al., 2010; Packer et al., 2012; Vaziri
and Emiliani, 2012).

Here I developed a method to mimic excitatory synaptic inputs in a specific temporal and
spatial manner by performing subcellular two-photon stimulation of ChR2-expressing
pyramidal neurons in layer 2/3. The development of this technique has allowed me to
simulate tEPSPs in a reliable manner, targeted at specific dendritic locations belonging
either to the apical or basal compartment of L2/3 pyramidal neurons of the S1 whisker and
forepaw cortex. Used in combination with in vivo two-photon targeted patch-clamp somatic
recordings (Kitamura et al., 2008), [ have assessed the contribution made by ongoing cortical
activity in anesthetized and awake mice to the synaptic integration of EPSPs.

This study allowed me to identify a dendritic-specific modulation of single synaptic
inputs, influenced by the spontaneous network activity, with apical potentials being
attenuated and basal inputs undergoing a gain modulation in amplitude during active,

depolarized states, in recordings made in mice under anesthesia and while awake.

33



2 METHODS

2.1 Animal surgery

All experimental procedures were carried out in accordance with national and local Animal
Welfare Office regulations. Post-natal day (P) 852 C57BL/6J mice of both sexes were used.
For thalamic stimulation experiments (Paragraphs 2.2.3 and 3.7.1), fos-GFP mice (Barth,
2004) were used. For monosynaptic connectivity experiments (Paragraph 3.7.2), NEX-cre
(Goebbels et al., 2006) x Ai9 (Madisen et al., 2010) and GAD-67 mice (Tamamaki et al.,
2003) were used.

Mice were anesthetized with isoflurane (1.5 to 2 % in O) or with an intraperitoneal (i.p.)
injection of 1.5 mg/kg urethane or a mixture of ketamine (100 mg/kg) and xylazine (5
mg/kg). 30 minutes prior to surgery mice were administered a subcutaneous (s.c.) injection
of metamizole (200 mg/kg). During anesthesia, a rectal probe and heating pad were used to
maintain mouse core body temperature at 37°C. After surgery, mice were placed on a heating
pad at 37°C until their recovery was complete. For 24 hours after surgery, metamizole was
added to drinking water (200 mg/ml). In their home cages, mice had access to food and water

ad libitum and were checked and weighed daily.

2.1.1 Intrinsic optical imaging

For experiments carried out while animals were awake, the forepaw primary somatosensory
cortex (S1) was identified through intrinsic optical imaging of the S1 cortex (Figure 6). The
body temperature was kept at 37.5 °C and isoflurane anesthesia was carefully adjusted
between 1 and 1.5 % until optimal signaling was achieved. The right forepaw was tethered,
as described below (Paragraph 2.6) and a train of tactile stimuli (10 Hz, for 8 s) were
delivered with a piezo stimulator (Figure 6 a) while monitoring the primary somatosensory
cortex with a monochrome CCD camera (QImaging). The intrinsic stimulus response was
visualized with red light illumination (630 nm); the center of response was identified (Figure

6 c, d) and superimposed on the blood vessel pattern seen under green illumination (530 nm)
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(Figure 6 b). Afterwards a craniotomy was performed as described below (Paragraph 2.3)

(Figure 6 e).
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Figure 6. Intrinsic optical imaging to identify the somatosensory forepaw cortical area.

a. Scheme showing the neuronal path from the mouse forepaw to its somatosensory representation
in the cortex. b. Bright field photo under green light (530 nm) highlighting the layout of veins
under the skull. ¢. Averaged intrinsic imaging signal in the forepaw somatosensory cortex during
a control with no stimulation. The field of view is the same as in (b) but under red light (630 nm).
d. Same as (c) but during the stimulation of the paw, as schematized in (a). Darker pixels are
linked to an increase in neuronal activity in the area. The green dot represents the center of the
response (the point is the same in images b to e). e. Zoom of the same target area in (b - d) after
craniotomy. f. Response profile along the diagonal lines shown in (¢, red, control) vs. (d, blue,
stimulus).

2.2 Channelrhodopsin-2 transfection

2.2.1 Single cell electroporation

Craniotomies of 0.3—0.5 mm in diameter were performed while keeping the dura intact
(Figure 6 e). Visually targeted single cell electroporations were performed under the two-
photon microscope (Judkewitz et al., 2009; Marshel et al., 2010). Glass electrodes (12—18
MQ) were filled with internal solution and a sequence of plasmidic DNA coding for pAAV-
CamKIla-hChR2(HR)-EYFP (Addgene: 26969) or pAAV-CamKII-ChR2(ET/TC)-p2A-
EYFP (Berndt et al., 2011). The electrode was pushed up against a single cell, visualized
with the shadow method (Kitamura et al., 2008), and then electroporation was performed
with the Axoporator 800A (Axon Instruments, Union City, CA, USA). The electroporation

consists of the application of a train of negative current pulses of -10 V, for 0.5 ms each,
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repeated at 100 Hz, for 1 s, which pushes the negatively charged DNA across the cell
membrane while carrying along the dye. This finally leads to the delivery of the dye and
plasmid to the interior of the neuron. After an incubation time of 24—48 hours, the dura was

removed for two-photon targeted recordings (Figure 10).

2.2.2 Cortical viral infections

P8—12 mice were anesthetized using i.p. injections of a ketamine-xylazine mix and placed
in a stereotactic frame (Angle Two, Leica). Stereotaxic coordinates were determined and a
craniotomy was performed by drilling over the somatosensory barrel cortex (1.3 mm
posterior and 3 mm lateral to Bregma) or the forepaw cortex (0.2 anterior and 2 mm lateral
to Bregma). Next, a glass injection pipette (10 um diameter tip) containing the viral vector
solution was connected to an oil piston pressure injection system (MO-10; Narishige) and
inserted into layer 2/3 (100-300 pm from pial surface) through the intact dura.

Cortical neurons were infected with channelrhodopsin-2 (ChR2) using an adeno-
associated viral vector (AAV2/9) containing pAAV-CaMKIla-ChR2(T159C)-P2A-EYFP or
pAAV-CaMKIla-ChR2(E123T/T159C)-P2A-EYFP (Berndt et al., 2011; Prakash et al.,
2012). 500—-1000 nl of virus were injected slowly at 50 nl/min. The injection pipette was
removed slowly, the brain covered with petroleum jelly (Vaseline), and the skin resealed.

Mice were left in their home cage for 21-28 days while waiting for ChR2-EYFP expression.

2.2.3 Thalamic viral infections

To infect the ventral posteromedial nucleus (VPM) of the thalamus, a lentivirus encoding
ChR2-EYFP (VSVG-HIV-Synapsin-ChR2(H134R)-EYFP; Addgene 20945) (Zhang et al.,
2007) was injected in P10—12 mice. The procedure was similar to that for cortical infection
except that the craniotomy was performed at 1.8 mm posterior and 1.75 mm lateral to
Bregma. An injection pipette was inserted to a vertical depth of 3.25 mm. At that point,
500—-600 nl of viral solution were injected slowly at a rate of 50 to 100 nl per minute. Mice
were left for 1 to 2 weeks while waiting for ChR2 expression (thalamic ChR2 stimulation
experiments and analysis was performed by Dr. J-.S. Jouhanneau) then a second craniotomy
was made over the hemisphere contralateral to the recording (1.8 mm posterior; 2 mm
lateral) for the insertion of an optical fiber (200 um diameter; Thorlabs) coupled to a 450—
480 nm blue light source (473 nm DPSS Laser System; LabSpec) into the somatosensory
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thalamus. To optogenetically activate VPM neurons, a 3 ms light pulse (~ 40 mW) was
delivered at 0.25 Hz. In some experiments, VPM projections were directly activated by blue
light pulses (3 ms, ~ 40 mW) delivered to the surface of the brain that lay over the recording
site. Histological sections from every mouse were used to confirm the infection site and
ensure that the L5b and L4 axonal projection pattern of VPM axons was typical (Figure 23
a) (Jouhanneau et al., 2014).

2.3 Craniotomy

P21-50 C57BL/6 mice were anesthetized using isoflurane (1-2%) during the implantation
of a lightweight metal head holder glued to the skull with cyanoacrylate glue (Loctite 401).
The mouse body temperature was maintained at 37°C with a heating blanket. A recording
chamber was then made from dental cement (Paladure, Heraeus Kulzer). The skull was
covered with Ringer’s solution (in mM): 135 NaCl, 5 KCI, 5 HEPES, 1.8 CaCl,, 1 MgCl..
A small craniotomy (< 1 mm) was made over the barrel cortex (posterior 1-2 mm, lateral
2-3 mm from Bregma) or forepaw S1 (posterior 0 mm, lateral 1.5-2.5 mm from Bregma)
(Figure 6 e), after which the dura was carefully removed with a needle. A drop of 1.8%
agarose in Ringer’s solution was placed on top of the craniotomy to stabilize the brain. All
recordings made under anesthesia used exclusively urethane. For awake experiments (Figure
21 and Figure 26), mice were head-restrained and paw-tethered (Paragraph 2.6), as

previously described (Milenkovic et al., 2014; Zhao et al., 2016).

2.4 Two-photon targeted patch and whole cell recordings

A Femto2D in vivo two-photon laser-scanning microscope (Femtonics) was used to visualize
cells in combination with 920 nm, for EYFP identification or 820 nm, for Alexa 594
(Invitrogen) identification light from a Chameleon Ultra II (Coherent) Ti-sapphire pulsed
laser light source via a 40x 0.8 NA water immersion objective (Olympus). Two high-
sensitivity photomultipliers (PMT) were used to detect fluorescent signals. Imaging was
controlled with MES software (Femtonics) running in MATLAB (MathWorks). To reduce
the level of optical stimulation of ChR2-expressing neurons during the visualization of the
EYFP signal, a few, low-power (~ 5 mW) raster scan images were made at 920 nm. Once a

neuron was identified as expressing the protein, the shadowpatch method (Kitamura et al.,
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2008) was employed using 820 nm light to identify the shadows of cell somata and perform
the final targeting steps with the recording pipette.

Whole-cell patch clamp recordings were made with 2 mm borosilicate glass electrodes
(Hilgenberg) with a resistance of 5-7 MQ. Pipettes were filled with intracellular solution
containing (in mM): 135 potassium gluconate, 4 KCI, 10 HEPES, 10 phosphocreatine, 4
MgATP, 0.3 Na3GTP (adjusted to pH 7.3 with KOH) and 2mg/ml biocytin for anatomical
reconstructions and Alexa Fluor® 594 dye (Thermo Fisher). In a subset of experiments
(Figure 32 and Figure 33), | mM QX-314 bromide (Tocris) was added. Recordings were
made using an Axon Multiclamp 700b amplifier (Molecular Devices) in current clamp mode
with an Ag/AgCl ground electrode in the recording chamber.

Using motorized micromanipulators (Luigs & Neumann) the pipettes were inserted into
the brain under visual control at an angle of 34° applying positive pressure of 130—180 mbar.
While lowering pipettes into the tissue until about 120 pm depth, pressure was gradually
reduced to 50—80 mbar. Cells were approached at low positive pressure (30 mbar), contact
with a neuron was validated by live two-photon images, and changes in resistance were
visualized on an oscilloscope (Tektronix TDS2024C). Upon contact, negative pressure was
applied to form a gigaseal and subsequently break in and enter the whole-cell recording
configuration. Recordings were filtered at 10 kHz and digitized at 20 kHz via an ITC18
(Heka) analogue-to-digital converter connected to a computer under the control of IGOR-
Pro (Wavemetrics).

For the monosynaptic connectivity experiments, performed by Dr. J-.S. Jouhanneau
(Paragraph 3.7.2, Figure 24), up to 4 recording pipettes were inserted into the brain and two
to four pyramidal neurons were targeted as previously described (Jouhanneau et al., 2015).
To evoke single action potentials, square current pulses (10-20 ms, 100-400 pA) were
injected into each cell at a rate of 1 or 0.5 Hz. Z-stack images (2 um/slice) were made after

the completion of the recordings to confirm cell identity.

2.5 Subcellular two-photon optogenetic stimulation

Two-photon optogenetic stimulation was performed using the imaging laser source (at 920
nm wavelength) opened for 10 ms to deliver 10-25 mW (measured below the objective).
Somatic stimulations were performed with a spiral scan line (diameter: 8 um, thread pitch:

0.45 um). The spiral scan line was scanned two times at a constant speed (19 um/ms) during
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this stimulation epoch. The cell was filled with red Alexa-594 during whole-cell recordings
and the dendrites were imaged at 820 nm.

At the beginning of each recording, at least 30 somatic stimuli were applied and the
amplitude of an average Downstate response was evaluated online as a measure of the
neuronal responsiveness to light; the power of further subcellular stimulations could then be
tuned accordingly. Next, dendritic stimulations were targeted to thin apical or basal dendrites
using the red Alexa signal in the dendrites for in vivo guidance. Apical dendrites were
identified by following the branching of the apical dendritic trunk emerging from the top of
the pyramidal cell body and moving toward the pial surface. In contrast, basal dendrites were
identified by following the branching of laterally emerging dendrites moving around the
soma focal plane. I then used a zigzag scan line (side length: 1 um, displacement: 0.1 pm)
to activate individual dendritic regions at the same speed as somatic stimulations, resulting
in 10 epochs in 10 ms. Cells were stimulated 250 times in one run at 3 Hz; following each
run, the stimulation positions were checked and readjusted if necessary. 3 to 6 runs were
performed per cell. Optical stimulation was controlled using MES software (Femtonics)

running in MATLAB (MathWorks).

2.6 Paw movement monitoring in awake mice

For awake recordings, mice were first habituated to head-fixation over a 3-day period. The
right forepaw was tethered to the holding platform so that it hung over the edge of the
platform. A force-feedback movement sensor arm (Aurora Scientific, Dual-Mode Lever
Arm Systems 300-C) was positioned underneath the paw. Contact was maintained between
the sensor arm and the paw with a constant pressure throughout the recordings to provide an
online monitor of movement. Paw movements were recorded and delivered alongside
neuronal recordings at 20 kHz via an ITC18 board (Heka) under the command of IGOR-Pro
(Wavemetrics) software (Zhao et al., 2016).

2.7 Histology

Mice were deeply anesthetized through an i.p. injection of urethane and transcardially
perfused with 4 % paraformaldehyde (PFA). The brain was fixed in 4%-PFA overnight and
stored in phosphate buffer. A VT1000 S vibrating microtome (Leica) was used to make 100

um-thick coronal or tangential slices that were subsequently stained for cytochrome oxidase
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and biocytin with a standard ABC kit (Vectastain) with DAB enhancement. Slices were
mounted in Moviol and stored at 4°C until the stained neurons were reconstructed using
NeuroLucida software (MicroBrightField). Putative GABAergic inhibitory interneurons

were excluded from the dataset.

2.8 Analysis

2.8.1 Dataset inclusion parameters

Recorded neurons were included in the dataset only when they met specific parameters
related to the health of the neuron and quality of the patch. If the average Downstate Vi, was
below -50 mV, the patch was considered not well sealed or the cell was considered unhealthy
and excluded. At the beginning of each recording, a firing pattern was assessed by injecting
0.5 ms steps of current (-200, -100, +50, +100, +150, +200, +250 and +300 pA). Neurons
which did not respond with action potentials (APs) to at least the +300-pA stimulus or whose
APs reached peak amplitudes below -10 mV were excluded. Finally, only recordings with

an access resistance below 60 MQ were included in the dataset.

2.8.2 Datasets

Subcellular ChR2 stimulation results included data from the primary whisker and primary
forepaw somatosensory cortexes. Because both regions produced similar results, the datasets
were combined (Figure 17, Figure 19,Figure 20,Figure 21, and Figure 33). All experiments
using awake mice were obtained from the primary somatosensory forepaw cortex. Part of
the VPM stimulation dataset (Figure 23) has already been published (Jouhanneau et al.,
2014); however, comparisons between Up- and Downstate responses have not been
previously reported. Likewise, a subset of the monosynaptic connections used in the analysis
shown in Figure 24 (a - ¢) was included in a previous analysis (Jouhanneau et al., 2015);

however, the comparison of Down- and Upstate ;EPSPs has not been previously reported.

2.8.3 Peristimulus time histograms

Peristimulus time histograms (PSTHs) were computed in relation to the timing of
spontaneous or evoked spikes from a cell in a window of -50 to 100 ms from the onset of

the stimulus (at 0 ms). The bin width was 10 ms and AP counts per bin were displayed as

40



METHODS

firing rates in action potentials per second (AP/s). A pre-stimulus window of 30 ms before
the stimulus onset was taken as the value for baseline activity, and was compared to a post-

stimulus window of the same length, which was interpreted as evoked activity.

2.8.4 Selection of Up- and Downstate

Subcellular responses were separated into responses during depolarized (Upstate) or
hyperpolarized (Downstate) phases based on the pre-stimulus V. Typically, a histogram of
the Vin was generated and the point equidistant from the two normally distributed curves
over Down- and Upstates was taken as a reference to split the states. Sweeps falling into a +
2 to =5 mV window surrounding the divide, or those sweeps with a standard deviation > 1.5
mV (as measured between the two windows -50 to -1 ms and +50 to +100 ms), were
considered transition states and were removed from further analysis (Figure 7). In cases in
which the Vi, did not achieve clear bimodal distributions and in awake data, Down- or Vhyp
and Upstate or Vgep thresholds were defined at a set distance from the most hyperpolarized
value obtained in the sweep. All data were visually inspected to confirm the automatic
sorting procedure. Those segments with spontaneously occurring APs were removed from

further analysis.
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Figure 7. Up- and Downstate selection and analysis.

a. Histogram of spontaneous Vn, distributions in a neuron recorded under urethane anesthesia
(from b) and subdivided in Up- and Downstates according to the bimodal distribution; APs and
intermediate states were excluded. b. Segment of the whole cell recording from which (a) was
generated. Dashed lines extending from (a) show the Up/Down selection. Optogenetic stimuli
were delivered (10 ms, 3 Hz) continuously during Vy, oscillations. ¢. Segments cut around each of
the optogenetic stimuli in (b) and overlapped along the time axis. Each of the segments is labeled
as Up (red), Down (blue) or discarded (grey) according to (a). d. Averages of labeled Up and
Down segments in (c). e. The same averages that appear in (d) overlapped on the V,, axis at
stimulus onset, highlighting differences in response kinetics.
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2.8.5 Amplitude measurements of subthreshold responses

The amplitudes of optogenetic potentials (OPs) were measured from the averaged response.
The amplitude of a response was measured as the difference between the average Vin £ 0.5
ms centered on the peak time response and the 1 ms average of the Vi, baseline (-1 to -2 ms
before stimulus onset). Noise was calculated by randomly selecting a time point before the
onset of the stimulus and measuring the Vi, difference between the 1 ms average around
each time point and the amplitude of the response. The latency of the stimulus was defined
as the point at which two linear fits crossed: the first from -15 ms to -5 ms prior to the onset
of the laser pulse, the second between time points corresponding to 20 to 80 % of the peak
Vm response amplitude. The half width was calculated as the difference in time between 50
% of the rising phase and 50 % of the decay phase of the evoked response.

The signal to noise ratio was calculated by measuring the variance of OP amplitude and
the background Vi, variance -30 to -10 ms prior to the stimulus onset on each individual
trial. Next the mean variance was calculated and the OP variance (signal) was divided by the
background variance (noise). Response significance was assessed by bootstrapping analysis:
individual trials comprising signal and noise values were randomly resampled with
replacement up to 10,000 times; signal and noise normal distributions were compared and
when distributions overlapped < 5 % the signal was considered significantly different from
noise. Recordings whereby both Up- and Downstate responses were not significantly

different from noise were excluded from the dataset.

2.8.6 Input resistance

-100 pA, 80 ms current pulses were injected via the recording pipette at 5.55 Hz. The Vi
responses to the current pulses were then split into Up- and Downstates, as discussed above,
then averaged. The access resistance was subtracted offline using an exponential fit of the
Vm from a 2 ms period following the start of the injection of current (Zhao et al., 2016). The
difference in Vi, between the baseline and the time point at which the fit crossed the onset
time of the injection of the current was taken as the access resistance. The input resistance
was calculated from the difference in mV between the response to the injection of current,
corrected for access resistance and the pre-stimulus Vi, (Figure 8). Tau was calculated from
the exponential fit of the relaxation phase of the Vi from 2 ms after the end of the

hyperpolarizing pulse.
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Figure 8. Offline access resistance subtraction and input resistance calculation.

In black: an average trace in Downstate of a train of negative current steps (magenta). In red: a
single exponential fit between 2 and 50 ms. The point where the fit extrapolation (red dashed line)
meets the onset line at 0 ms (black dashed) is taken as the reference to split the contributions of

access and input resistance. The input resistance contribution to the Vi, change is then converted
in Q following Ohm's law.

2.8.7 Isopotential

Trains of three positive current pulses lasting 500 ms were applied at five different
intensities of current (+300 to +700 pA, ~0.5 Hz) to generate bursts of action potentials at

similarly high frequencies (30 to 50 Hz) (Figure 9 a).
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Figure 9. Online access resistance assessment and correction with bridge balance.

a. Trains of four different positive current pulses (magenta trace) produce similar action potential
bursts but different V., peak values due to access resistance. b. Pulse intensities identical to those
in (a) but applying a bridge-balancing of 65 MQ to correct for the access resistance effect. Access
resistance was calculated from the difference in Vi, peak values found in (a).

Peak action potential averages from the different current intensities were compared and any
differences in peak Vi were considered to be caused only by the access resistance. Thus, the

access resistance was calculated and the bridge balance was applied. The trains of pulses
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were repeated until all averaged peak Vi rose and leveled off at the same value (Figure 9 b).
Bridge-balanced positive currents were applied in steps of 3 s until the depolarization
induced in the Downstate came closest to the mean Upstate Vi (Isopotential currents ranged

from +150 to +300 pA).

2.8.8 Statistics

Custom-written scripts in IGOR-Pro (Wavemetrics) were used to analyze all data.
Correlations between Downstate amplitudes and the ratio of Up:Down response amplitudes
were made on the logio of the Downstate amplitudes with Pearson’s linear correlation.
Correlations between ratios of Up:Down response amplitudes and stimulation site distances
from the soma were calculated using Pearson’s linear correlation.

The number of stimuli delivered in Upstates were 195 + 113 soma anesthetized, 192 +
105 basal anesthetized, 114 + 52 basal awake, 204 + 143 apical anesthetized, 106 + 75 apical
awake, 45 £ 12 VPM, 154 + 93 basal QX-314.

Expected amplitude values in Upstates were calculated based on the change in pre-
stimulus Vi, assuming a reversal potential of 0 mV for OPs and EPSPs based on the

equation:
Equation 1. Expected amplitude based on driving force difference due to V,, difference.

(UpVm — Vrev)  Upamplitude

(DownVm — Vrev)  Down amplitude
Therefore:

_ _ (UpVm — Vrev)
Expected Up amplitude = Down amplitude X

(DownVm — Vrev)

For statistical analyses, were used two-tailed non-parametric tests. Paired data were tested
using the Wilcoxon signed rank test and unpaired data using the Wilcoxon rank sum test.
Normality was assessed with a Kolmogorov-Smirnov test. The data presented in the results

and in figures show the mean + standard deviation (S.D.)
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3 RESULTS

The aim of this project is to study the integration of unitary excitatory post-synaptic
potentials (uEPSPs) in neocortical layer 2/3 pyramidal neurons in vivo. Since pyramidal
neurons display an anatomical segregation, through which the basal and apical dendritic
compartments receive different inputs, I wanted to examine whether a dendritic input
arriving at the soma via the two branches is integrated in the same ways. Because in vivo
neurons are constantly active, I investigate the contribution that cortical network activity in
the brains of awake or anesthetized mammals makes to the dendrite-specific integration.
To address these goals I first needed to develop a method to stimulate discrete dendritic
branches selectively and record the somatic subthreshold membrane potential in vivo. To
achieve this, I combined the expression of Channelrhodopsin-2 (ChR2) in layer 2/3
pyramidal neurons (Berndt et al., 2011; Boyden et al., 2005; Nagel et al., 2003) with in vivo
two-photon targeted recordings and two-photon laser scanned stimulations (Nikolenko et al.,
2007; Packer et al., 2012; Prakash et al., 2012). This allowed me to generate spatially

restricted inputs during different period of network activity.

3.1 Development of Channelrhodopsin-2 expression and two-photon

optogenetic stimulation

To develop a method for the two-photon light stimulation of subcellular structures of
neurons in vivo, the first step was to achieve a specific, strong expression of ChR2 in
pyramidal layer 2/3 cortical neurons in the primary somatosensory cortex of juvenile (P20-
P50) C57bl/6 mice.

Different neuron transfection techniques were tested at the start of the project, including
viral infection and in vivo single cell electroporation. I additionally used several variants of
the light-gated channel: ChR2(H134R), (E123T-T159C), (T159C) and C1V1(tt). To target
expression to excitatory pyramidal neurons, I used CamKIl, as a gene promoter (Jones et

al., 1994; Liu and Jones, 1996).
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3.1.1 Single cell electroporation

In vivo two-photon guided single cell electroporation is a technique that permits high
labeling specificity via targeting a single neuron for gene expression (Judkewitz et al., 2009).
Animals can be used more easily in their desired age for recordings, since expression occurs
within 1 to 3 days. Because there is no background noise from EYFP emission from other
cells, this facilitates the two-photon targeted patch method (Figure 10), and two-photon
subcellular stimulation is more specific.

Single cell electroporation consists of two steps: in the first, the mouse is prepared as for
in vivo recordings but without a durectomy (Paragraphs 2.2.1, 2.3). The in vivo shadowpatch
(Paragraph 2.4) is used to target neurons and the plasmidic vector is delivered via a short
electrical stimulus. In most cases I electroporated 2 to 20 neurons. The proteins are left for
1 to 3 days to attain sufficient levels of expression meanwhile an agarose layer protects the
craniotomy. In the second step, the durectomy is performed and neurons expressing the
protein can be re-approached for recordings and optostimulation (Judkewitz et al., 2009). In
successful experiments, 1 to 7 neurons were labeled with ChR2-EYFP and targeted one after
the other until one successful patch was achieved. The identification of neurons was
straightforward and the dendritic projections easy to attribute to their somatic origin. In
1solated neurons, the specificity of stimulation was guaranteed.

93 electroporated neurons were successfully patched in 160 animals with the plasmids
pAAV-CamKII-ChR2(HR)-EYFP and pAAV-CamKII-ChR2(ET/TC)-p2A-EYFP.
Transfected cells showed pyramidal physiological features even though very frequently
neurons displayed slightly depolarized resting potentials, with an average Downstate Vi
below -50 mV. The range of responses to the two-photon stimuli on the soma was 0.5-2
mV, while responses from proximal dendritic compartments were below 0.2 mV and absent
when stimulating distal branches, even at the highest laser powers.

During the time between electroporation and patching, a large craniotomy has to hold up
without major tissue reactions for two days. Depending on the deviation from perfect
conditions, the physiology of the neurons will be accordingly unhealthy. Single cell
electroporation surgery often led to an inflamed dura and difficulties in patching infected
neurons. This made the completion of the experiment extremely difficult and thus the
technique inappropriate to produce the large dataset required for this project. Another
problem was weak ChR2 expression in dendrites, which did not permit an elicitation of

depolarizing potentials from distal dendrites. Moreover, often after the second day of
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expression clusters of protein started to form blebs on the dendrites which probably

interfered with the physiological propagation of dendritic synaptic input.

Figure 10. In vivo two-photon guided single cell electroporation.

The four steps of single cell electroporation are illustrated. a. Approach of the cell to be
electroporated, visualized with the shadowpatch method with the dura mater still present. b. The
same neuron just after electroporation. ¢. The same neuron 48 hours later and after durectomy,
visualized in the green channel to show the ChR2-EYFP expression. d. The same neuron during
approach, just before patch clamp. The dashed line indicates the pipette.

3.1.2 Viral expression of ChR2

In contrast to transfection by electroporation, viral transduction exploits the viral machinery
to enter the cell and bring the coding sequence into the nucleus. This reduces the transfection
shock, thus increasing the survival rates and health of neurons. With electroporation, the
DNA plasmids are delivered into the neural cytoplasm, and over time they are destroyed by
the cell, causing the expression curve to be highest after 2—3 days and then to decrease after
one week (Kitamura et al., 2008). Viral vectors incorporate the sequence into the cell genome
as lentiviruses do (Naldini et al., 1996) or bring the plasmid into the nucleus, as adeno-
associated viruses (AAV) do, preventing plasmid destruction. This causes a rise in
expression and the protein accumulates in cells, reaching its peak concentration up to 4—6
weeks after infection, after which it virtually never declines (Herzog, 2007; Nathwani et al.,
2011). AAVs, moreover, produce neither toxicity effects nor an immune response (Nathwani
etal., 2011).

Viral infections with a simple promoter, on the other hand, do not produce sparse labeling
and, in the region of highest expression, nearly all pyramidal neurons are labeled. ChR2-
EYFP is a membrane fusion protein; since the soma of the neuron is the region with the
lowest surface-to-volume ratio, it is also the region with the lowest relative apparent
expression. This makes the neuronal soma, which is the target to approach and patch, almost
impossible to visualize when surrounded by the membranous and thus much brighter

neuronal projections from neighboring cells (Figure 11 a). To overcome this issue, I moved

48



RESULTS

away from using the ChR2-EYFP fusion membrane protein to a monocistronic construct
that exploits the 9-amino-acid picornavirus p2A motif. This acts as a ribosome-skipping site
that produces two separate proteins with a single promoter (Gradinaru et al., 2010; Osborn
et al., 2005; Prakash et al., 2012). The result is to express ChR2 as a membrane protein and
EYFP in its soluble cytoplasmic version. This has a triple advantage: it makes the more
voluminous cell soma brighter, so that it can be approached more easily under the two-
photon (Figure 11 ¢); the not-fused ChR2 is more effective; and neurons do not have to deal
with this protein cluster, which preserves their health (Prakash et al., 2012).

AAVs proved capable of delivering stronger and more reliable expression levels than
lentiviruses. The larger area of AAV spread (Figure 11 d) ensured that the target region in
the somatosensory cortex, which was identified by an intrinsic imaging sensory signal
(Paragraph 2.1.1, Figure 6), always expressed ChR2, thereby increasing the throughput rate
of experiments. I tested AAV2/2, AAV2/5 and AAV2/9; the latter, as suggested by the
literature (Aschauer et al., 2013), produced the best results in neocortical infections. AAV2/9

was used as the ChR2 transfection vector for the rest of the project.

Figure 11. Cortical viral infections of ChR2-EYFP.
a. In vivo Z-stack of layer 2/3 in mouse infected (Paragraph 2.2.2) with lentivirus carrying the

fusion ChR2-EYFP; somas are indistinguishable from the background. b. Same animal as in (a)
but coronal slice, highlighting the small infection region of Lentivirus. ¢. As in (a) but in a mouse
infected with AAV2/9, carrying the ChR2-p2A-EYFP spliced version; cytoplasmic EYFP
expression brightens the soma against the background. d. Same as in b but for mouse depicted in
¢; AAV infectivity is higher and the area of spread is much larger than for the lentivirus.

49



RESULTS

3.1.3 Testing different channelrhodopsin-2 variants

The first ChR2 variant I tested was ChR2(H134R), used in the lentivirus construct pLenti-
CamKIIla-ChR2(HR)-GFP. Protein expression from the lentiviral vector was dissatisfying
and the area of spread was too small (Figure 11 b). As a result, specific cells had to be
selected based on ChR2 expression rather than their position in the target somatosensory
area. Moreover, even strongly expressing neurons did not respond well enough to two-
photon stimuli. The same ChR2 variant in the AAV2/5 vector pAAV-CamKlIla-
ChR2(H134R)-EYFP showed stronger expression and larger infected area. Nevertheless, the
visibility issues shown in Figure 11 a made it unusable for in vivo patch clamps.

Of the p2A constructs in AAV2/9 1 first tried the ChR2 variant E123T-T159C (ET-TC)
and C1V1(tt). Of the two, ET-TC produced the best responses. Even though other labs
(Packer et al., 2012; Prakash et al., 2012) had better results with C1V1, because of its longer
wavelength of excitation (1040 nm), we were using a Chameleon Ultra II (Coherent) that
did not generate enough power at wavelengths longer than 1000 nm, so I could produce only
weak stimulations. The ET-TC variant expressed with AAV2/9 was the first with which I
was able to produce responses that differed significantly enough from noise (average
depolarization > 0.2 mV) even in distal thin dendrites, using powers at 25 mW or lower,
which were necessary to avoid damaging the neurons.

A good predictor of dendritic response to light stimulations is the somatic responsivity
(Paragraph 2.5). When average responses to spiral two-photon somatic stimulations
delivered at 25 mW are smaller than 1.5 mV, then distal (> 30 pm from soma) dendritic
stimulation 1s probably not achievable (Figure 12 a). Since expression from viral
transduction increases with time, the animals start to be usable in the 3™ week after infection
(Figure 12 a). Unfortunately, a negative side effect emerged from high levels of expression
of the ET-TC variant. In fact, I noted a positive correlation between the expression time and
the resting membrane potential of neurons (Figure 12 b), as neurons expressed for longer
they became more depolarized.

This could be explained either through a protein accumulation effect, which changes the
properties of the neuronal membrane (Zimmermann et al., 2008), or with the opening of
channels, which occurred also without light stimulation. In fact, shining light on ChR2 only
increases the probability that the protein moves from a closed to open configuration during

in its photocycle (Nikolic et al., 2009). Nevertheless, even in the dark, a fraction of channels
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stochastically switches configurations for a short time, and with high expression levels, this

might lead to a constant depolarization of the resting V.
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Figure 12. Channelrhodopsin2 (ET-TC) expression effect on neuronal physiology.

a. Graph plotting days of expression versus amplitude of response to two-photon somatic
stimulation at maximum usable power (25 mW). Cells responding too weakly to be usable: < 1.5
mV in amplitude (in red area). b. The same neurons but plotted against the average resting
downstate V. Neurons too depolarized to be included > -50 mV in Downstate are represented in
the red area. ¢. Same data as in (a and b) but now showing the response amplitude versus the
resting Vo, highlighting the correlation between the two. Neurons excluded for weak response or
depolarization appear in the red area. On each graph “r” is the value of the Pearson’s linear
correlation, also expressed as a linear regression fit (black line).

Either way, the depolarization correlates very strongly with the response levels (Figure 12
¢), and neurons with a resting Vi in Downstate > -50 mV are probably in an unphysiological
state and were thus excluded from this study (Paragraph 2.8.1). Consequently, the need for
high expression to achieve good responses conflicted with the need to keep neurons healthy.
This made the success rate of experiments dependent on a narrowed window of usable
neurons (Figure 12 c).

Fortunately, another variant (T159C), here termed ChR2(TC), did not exhibit this side
effect. Even with very high levels of expression six weeks after the infection, I did not
observe any correlation with the depolarized resting Vi, (data not shown). Moreover, among
the variants tested here, ChR2(TC) has been reported to produce larger currents and to have
areversing potential closer to 0 mV (Berndt et al., 2011), thus making it similar to glutamate
reversal (McBain and Mayer, 1994). The T159C variant has a voltage-dependent response
(Berndt et al., 2011). However, this did not compromise its use, as it showed similar state
dependent modulation as a voltage-independent variant ET/TC (Figure 18).

Almost all the following data reported in this project (~ 89.5 %) were collected with
neurons infected with AAV2/9-CamKIla-ChR2(TC)-p2A-EYFP (102 cells), with only a few
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neurons expressing the ET-TC variant (12 cells). Recordings were performed 3 to 5 weeks

after infection.

3.2 Targeted two-photon subcellular stimulation

The goal of this project was to mimic EPSPs by eliciting a brief membrane depolarization
generated with a photocurrent on a controlled dendritic spot, while simultaneously making
recordings at the soma (Paragraphs 2.4, 2.5). The fast scanning system used to deliver
photostimulation and the software to control it (MES written in Matlab) was developed by
Femtonics and embedded in their two-photon setup. I adjusted several features of the system
to bring the stimulation parameters to the optimal characteristics they need with the goal of
mimicking EPSPs.

The path followed by the scan during the stimulation can be completely customized in
shape and movement velocity: spirals, X-shaped and squared zigzags can be of any size and
line spacing. To be consistent with stimulations across cells, I finally decided on a spiral
path of 8 um diagonal and 0.5 pm spacing for somatic stimulations and a squared zigzag of
1 um side and 0.1 spacing for any dendritic target. Even though dendrites' diameters are
highly variable, I always chose to use the same 1 x 1 pm path to maintain a consistent
stimulation parameter across the dataset. Since the lateral span of the two-photon beam is
around 1 um (Denk et al., 1990; Rickgauer and Tank, 2009), the main purpose of the zigzag
fast movement was to reduce photodamage to the dendrite.

I kept the dwell time the same across these two stimulation parameters with a constant
speed of 19 um/ms, which proved to deliver a good photocurrent without introducing photo
damage. For single cell electroporation, I delivered stimulations of 15 ms each, but after
moving to AAVs, I reduced it to 10 ms to elicit potentials with shorter kinetics that more
closely resembled yEPSPs. 5 ms stimulations did not improve the kinetics any further;
therefore, I stayed with 10 ms stimulations, with which I was able to obtain responses at
higher distances from the soma.

I tested the two-photon scanned stimulations for their specificity in eliciting a brief
depolarization, or optogenetic potential (OP), on the subcellular target. To be certain that |
was measuring the response of ChR2 and not neuronal or tissue responses to intense light, I
first stimulated non-expressing neurons in vivo. As expected, somatic stimulations on wild
type (WT) (Figure 13 a, b) and EYFP- only expressing neurons (Figure 13 c, d) did not elicit

a depolarizing response.
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EYFP

0.2 mV
n=325 n=216

10 ms

Figure 13. Two-photon stimulation of ChR2-non expressing neocortical pyramidal neurons
in vivo.

a. Two-photon image of somatic laser scanned stimulation during recording of a WT layer 2/3
pyramidal neuron. b. The corresponding averaged somatic response, showing no OP in
Downstates. ¢. and d. Same procedure as for (a and b), but for a cortical neuron expressing EYFP
without ChR2. (n) number of sweeps. Dashed lines indicate the pipette.

The two-photon scanned stimulation has already been proven to be spatially specific
(Packer et al., 2012; Prakash et al., 2012; Rickgauer and Tank, 2009) and suitable for
subcellular stimulations in vivo. To examine this under my experimental conditions I
recorded somatic or dendritic responses while moving the center of the stimulation in 10 and

5 wm steps respectively away from the On target (Figure 14 a, e).
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Figure 14. Off target two-photon stimulation of ChR2 expressing neurons.

a. In vivo image showing On and Off target somatic stimulation spots at the same axial depth but
different lateral distances from the soma. b. The corresponding somatic averaged OP from the
neuron shown in (a), with responses to On (black) and Off (greys) target stimuli. ¢. Plot of the OP
amplitude normalized to the amplitude over the soma (0 pum, black filled circle); closed circles
show examples shown in b; open circles show examples from off target stimulation in 3 other
neurons. d. same as (c¢) but keeping the same lateral position and varying the axial distance. e. - h.
Same as (a - d) but for dendritic stimulation.

53



RESULTS

The ratios of Off:On responses showed a steep decrease already at 5—10 um distance from
the center, either moving laterally or axially (Figure 14 b - d, f - h). Overall, the two-photon
laser proved to have a spatial specificity in line with similar studies (Prakash et al., 2012).

Since in cortical layer 2/3 the neuronal density is quite high, this result ensured that OPs
recorded were not the result of EPSPs from indirect activation of neighboring neurons. In
addition, it was important to define the distances from the recording site and the anatomical
features of the target subcellular spot under stimulation.

After assessing the location specificity of stimulation, I tested the stimulation temporal
parameters. The wavelength of single-photon light stimulation known to generate the largest
current flow through ChR2 is around 470—490 nm (Berndt et al., 2011; Rickgauer and Tank,
2009), nevertheless the two-photon effect changes the wavelengths of stimulation in a
nonlinear way. The most suitable wavelength of stimulation according to various studies
(Andrasfalvy et al., 2010; Rickgauer and Tank, 2009) may vary between 880 and 940 nm
depending on the ChR2 variant and laser type. I tested the response across wavelengths
between 740 and 1000 nm in 2 cells, maintaining the same power of 12 mW beyond the
objective (Figure 15 a, b) and found the most suitable wavelength to be 920 nm. All of the

subsequent stimulations in this work were delivered at 920 nm.
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Figure 15. Two-photon stimulation parameters of ChR2-expressing neocortical pyramidal
neurons in vivo.

a. Mean membrane potential (V) response to 10 ms somatic spiral optogenetic stimulation (cyan
bar) at different excitation wavelengths from a sample neuron; colors correspond to closed circles
in (b). b. The ratio of the measured OP amplitude relative to the response at 920 nm from the same
neuron; open circles represent OPs from the neuron not shown in (a). ¢. Same procedure as (a)
using different frequencies of stimulation; colors correspond to frequencies used in (d). d. Mean
OP amplitudes at frequencies from 1 to 4 Hz from a sample neuron; open circles show the mean
from different intermingled trials with a randomized order of frequencies in the same neuron. e.
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Same as (a) but using different laser powers for stimulation; Colors correspond to powers used in
(f). f. Mean OP amplitudes at powers from 12 to 24 mW from a sample neuron.

Whole-cell recordings in awake animals are frequently difficult to maintain for long
periods. Furthermore, the longer the neuron is in contact with the artificial intracellular
solution, the less physiological its activity will be. To obtain significant mean responses
during periods of synaptic background activity, I needed to repeat the stimuli on the same
subcellular spot as many times as possible, but without causing the response itself to adapt.
I compared the average response to stimuli delivered with frequencies from 1 to 4 Hz in the
same cell (Figure 15 c, d) and found 3 Hz to be the highest frequency that was non-
susceptible to adaptation. I maintained the stimulation at 3 Hz for the rest of the experiments.

Because cells and subcellular targets lie at different depths and different tissue densities
lie between the spot and the objective, I could not precisely determine the laser power
delivered on each target spot I stimulated. Thus, [ used the power directly below the objective
as an approximation reference. Depending on the response size, which dependeds on both
ChR2 expression and the visibility of the target, I adjusted the power of the stimulations to
a range between 12 and 25 mW (Figure 15 e, f). For each target, the stimulation power was

held constant.

3.3 Optostimuli influence on spontaneous spiking activity

Since I wanted to study the integration of subthreshold inputs, I first had to ensure the OPs
do not elicit action potentials in any of the subcellular regions of stimulation.

Visually targeted recordings were made from pyramidal neurons at a depth of 114.5 +
22.9 um, n = 114, using whole-cell pipettes filled with intracellular solution and Alexa 594.
I took care to search for cells with reduced laser power (Paragraph 2.4) and observed a
normal mean resting membrane potential of (-58.65 +4.67 mV, n = 114). In vivo images and
post-hoc biocytin stainings (in a subset of cells) confirmed that the recordings were made
from excitatory pyramidal neurons. I used the intracellular Alexa-594 stain to target two-
photon subcellular optogenetic stimulation to three cellular compartments: the soma and
apical and basal dendrites. I replicated this dataset in animals anesthetized with urethane and
awake resting mice.

Across all the datasets that were analyzed (123 targeted subcellular spots in 96 cells,
Figure 16), the OP influenced the spontaneous suprathreshold activity only in 5 recordings.

In these cases there was a significant difference between pre- and post-stimulus activity; in
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3 cases I observed an increase and in 2 a diminishment. On a population level, only basal
stimulations made in awake animals showed a significant increase (Figure 16 1); but on
individual cells level, only one out of 11 neurons increased significantly. I can therefore rule
out that the two-photon stimulations elicited action potentials. At this point, I decided hence
to focus exclusively on subthreshold activity, and excluded suprathreshold activity from

analysis (Figure 7).
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Figure 16. Two-photon optogenetic stimulation did not trigger action potentials.

a. Averaged peristimulus time histogram (PSTH) (Paragraph 2.8.3) of somatic two-photon
stimulations in anesthetized mice. Action potentials per second (Ap/s) in 10 ms bins. b. Averaged
action potential baseline (Bsl), calculated by averaging responses within 30 ms prior stimulation
and evoked (Evk), 30 ms after, as highlighted in (a). c., d. Same as (a, b) but on awake recordings.
e. - h. Same as (a - d) but for apical stimulations. i. - I. Same as (a - d) but for basal stimulations.
OPs did not increase the spiking activity; as for (k) there were significant differences in population
data but differences in only 1 out of 11 of the single examples. Grey lines show data from
individual cells; the filled circles with bars represent the mean = S.D..
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3.4 Brain states in anesthetized mice

The first part of the work was carried out on urethane-anesthetized animals. Urethane
anesthesia has been reported to produce its effects by potentiating the functions of neuronal
nicotinic acetylcholine, GABAA and glycine receptors and inhibiting NMDA and AMPA
receptors (Hara and Harris, 2002). Urethane alters neither excitatory nor inhibitory synaptic
transmission and only minimally disrupts signal transmission in the neocortex (Sceniak,
2006). Under urethane anesthesia, the Vmn of cortical neurons undergoes a bimodal
distribution (Figure 7 a, b) that closely resembles natural slow-wave sleep oscillations
(Clement et al., 2008). These slow cortically synchronized oscillations alternate between
two periods of network activity called Down- and Upstate (Steriade et al., 1993).

Downstates are silent periods of low synaptic input that display a hyperpolarized stable
Vi with low variability, very closely resembling the silent network situation that can be
found in in vitro preparations, such as acute brain slices. Inversely, Upstates are periods of
synchronized neuronal activity in which neurons receive a high amount of excitatory and
inhibitory synaptic input. The Vi displays high variability and is more depolarized and
neurons can fire spontaneous action potentials. The Upstates resemble, on the contrary, the
brain activity that occurs in intact brains of living animals during periods of wakefulness
(Paragraphs 1.3.1, 1.3.2, Figure 5). Hence, in in vivo anesthetized recordings, the
spontaneous alternation of the two states provides an opportunity to measure how the same
controlled stimulus will be computed under these different conditions.

The Vi distribution presented some variance of basic parameters such as subthreshold
oscillation frequencies and amplitude and suprathreshold firing frequencies as a function of
several conditions: the level of anesthesia, whether the recording was performed early or late
after the onset of anesthetization, the quality of the recording and the recording period. Under
deeper anesthesia neurons tended to be more hyperpolarized, with shorter and less frequent
Upstate periods, and APs were generated very rarely. The same parameters increased,
however, under lower levels of anesthesia. Soon after the patch clamp, the neurons were also
more hyperpolarized, with shorter and less frequent Upstates and low firing rates which
tended to increase later in the recording. This was most likely due to changes in the level of
anesthetization. The quality of the patch influenced the mean Vi, and the amplitude of sub-
and suprathreshold oscillations, with well sealed patches displaying a lower access resistance
and a more hyperpolarized mean Vi, as well as ampler oscillations and lower firing rates. |

took care to include neurons with stable and high quality intrinsic parameters in the dataset.
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3.5 Somatic responses Down- vs. Upstate

After a successful patch was achieved in urethane-anesthetized mice, I observed a normal
resting membrane potential of neurons (-58.59 + 4.89 mV, n = 76). I then stimulated the
soma of ChR2-expressing pyramidal neurons with brief (10 ms) spiral stimuli (Figure 17 b)
delivered at 3 Hz (Figure 17 ¢, Paragraph 2.5). The somatic responses (somaOP) provided not
only a first readout of the responsiveness of a ChR2-expressing cell to light stimuli, but a
baseline from the response kinetics, which was important to consider when studying the

network activity effect on neuronal ChR2 activation.
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Figure 17. Modulation of somatic two-photon evoked response amplitude in ChR2 expressing
layer 2/3 pyramidal neurons.

a. Cartoon showing two-photon laser stimulation of ChR2-EYFP expressing neurons. b. Example
in vivo image showing the path of two-photon stimulation (cyan) on the soma of a ChR2-
expressing neuron during a whole-cell recording. ¢. Sample membrane potential (Vi) recording
of a layer 2/3 cortical neuron under urethane anesthesia, showing small depolarizations
(optogenetic potentials, OPs) in response to the laser stimulation (cyan) during hyperpolarized
Downstates (blue) and depolarized Upstates (red). d. Overlaid, average OPs to somatic stimulation
from an example neuron (left) and from the entire population (right) of n = 16 neurons, during
Downstate (blue) and Upstate (red). e. Somatic Vi, increases as neurons go from Down- to Up-
state. Grey lines show data from individual cells; the filled circles with bars show the mean + S.D..
f. somaOP amplitude is significantly lower in Upstates than during Downstates. g. The half width
is significantly prolonged in Upstates in comparison to Downstates.

Somatic stimulation reliably triggered depolarizing optogenetic potentials with a

Downstate onset latency of 0.63 + 0.23 ms. This indicated a direct response to the optical
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stimulation, and a rise time of 5.36 + 0.59 ms, a peak time of 11.97 &+ 0.92 ms, half width
19.31 £ 3.49 ms and decay time 18.38 +4.27 ms.

I next split and averaged the somaOPs into Up- and Downstate responses based on their
pre-stimulus Vi, (Paragraph 2.8.4, Figure 7) (Down -62.94 = 4.02 mV vs. Up -51.01 + 2.69
mV, n = 16, p < 0.0001). The somaOP amplitude was significantly smaller in Up- than
Downstate (Down 1.62 + 1.02 mV vs. Up 1.34 £0.93 mV, n= 16, p <0.0001) (Figure 17 d
- 1), as expected from the reduction in driving force during depolarized Upstates (Up 1.34 +
0.93 mV vs. Expected 1.33 £0.88, n =16, p = 0.4637).

The driving force represents the flow of ions passing through open channels and is directly
proportional to the difference between the Vi, and the Viey of the channel that is involved.
ChR2 is a non-selective cation channel with a Vi close to 0 mV. Since in Upstate the
average Vn is relatively closer to 0 mV than the average Downstate Vi, the amplitude of
OPs is proportionally attenuated by the difference in driving force between the states. Thus,
in this study the expected amplitude reduction refers to this driving force effect, calculated
as detailed (Paragraph 2.8.8, Equation 1).

However, I observed that the half width of the somaOP was significantly longer in Upstates
than in Downstates, indicating a slower decay of the OP during network activity (Down
19.31+3.49 ms vs. Up 25.85 + 6.96 ms, n =16, p =0.0003) (Figure 17 d, g) and suggesting
an increase in the input resistance of neurons during Upstates.

Although Upstates are regarded as high-conductance states (Destexhe et al., 2003), an
increase in input resistance has been reported in L2/3 pyramidal neurons during Upstates
(Mateo et al., 2011; Waters and Helmchen, 2006). Such increase reduces transmembrane
conductance and prolongs the membrane time constant, which likely directly affects the
kinetics of potentials.

Control somatic stimulations of pyramidal neurons expressing the ChR2 subtype ET-TC,
which has been reported to have no voltage dependent change in kinetics (Berndt et al.,
2011), showed a similar reduction in amplitude and broadening during Upstates (Figure 18).

Because there is no voltage-dependent difference between the responses of the two
variants, and the voltage-independent variant also showed a prolongation of kinetics during
Upstates, this confirms that the kinetics prolongation is indeed due to changes in the neuronal

membrane properties and not to intrinsic features of ChR2(TC) itself.
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Figure 18. Slower kinetics in Upstates in two different ChR2 variants.

a. Overlaid, average light-evoked OPs to somatic stimulation from a population of (n = 9) neurons
during Downstates (blue) and Upstates (red) expressing the ChR2 variant T159C (TC) that was
mostly used in this work. b. Same as (a) but from a population of (n = 4) neurons expressing the
ChR2 variant E123T-T159C (ET-TC). The variants present similar reductions of s,maOP amplitude
and prolonged kinetics during Upstates.

3.6 Dendritically evoked optogenetic potentials during Downstates

Pyramidal neurons receive EPSPs through an activation of glutamatergic receptors
expressed predominantly on dendritic spines (Colonnier, 1968) (Paragraph 1.2). The
distribution of spiny excitatory synapses is non-random and spines are arranged all along
dendritic regions with a distinct distribution profile. Spines are not present on soma, axon
and perisomatic regions (DeFelipe and Farifias, 1992; Larkman, 1991). Since the aim of this
study was to simulate EPSPs, I took care in choosing stimulation sites that would conform
to locations associated with excitatory inputs. I therefore generated optical stimuli with a
small diameter laser spot (1 um?) on apical and basal dendritic branches between 15 and 135
um from the soma (apical 72.36 + 35.55 pm n = 30, basal 45.58 + 21.38 um n = 48, Figure
19), using the Alexa594 signal to target the stimulation site.

In the somatosensory cortex, pyramidal neurons of layer 2/3 express AMPA and NMDA
glutamatergic receptors on their postsynaptic excitatory terminals. AMPA and NMDA are
both selective for Na* and K*; NMDA is also selective to Ca**. Upon glutamate activation,
the receptors produce a depolarization with a similar reversal potential tending to 0 mV.
Since NMDA is less abundant and its activation also depends on voltage (McBain and
Mayer, 1994), an average EPSP releases a Na™—K" flow with a small Ca*" component,
responsible for a depolarization with a particularly fast inactivation (Markram et al., 1997).
Ultimately, this produces a depolarizing potential curve with specific features in terms of

time and amplitude (Jouhanneau et al., 2015; Markram et al., 1997). Even though ChR2
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belongs to a completely different family of proteins, it is a cationic selective channel, for
Na®, K" and to a minor extent Ca’>" (Nagel et al., 2003) (Paragraph 1.5.2). Upon light
stimulation, it generates a depolarization with a reversal potential close to 0 mV (Berndt et
al., 2011) and kinetics that are slightly slower than those of AMPA receptors but otherwise
similar.

The stimulation of apical and basal dendrites evoked OPs (apicalOPs and pasatOP) with
similar kinetics in Downstates (Apical rise time 6.32 & 2.14 ms, basal 5.32 + 0.83 ms; apical
peak time 14.50 = 2.96 ms, basal 13.48 + 2.39 ms; apical half width 21.97 &+ 6.61 ms, basal
19.67 £+ 3.94 ms and apical decay time 23.57 + 15.96 ms, basal 23.70 £ 12.46 ms). The
latency of stimulation (Apical 1.74 & 0.65 ms, basal 1.58 + 0.67 ms) was correlated with the
distance from the soma in both apical and basal dendritic stimulation (Figure 19 c, d). With
an averaged propagation velocity of 61.5 + 14.7 um x ms™! for apical inputs and 44.9 + 10.2
um x ms™ for basal inputs, which is in the range of conduction velocities reported in the

literature (Agmon-Snir and Segev, 1993; Nevian et al., 2007).
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Figure 19. Dendritically evoked OP kinetics during Downstates are correlated to the distance
of stimulation site from soma.

a. Downstate somatic response amplitude to apical dendrite stimulation as a function of the
distance from the soma from entire dataset, open circles represents the mean response from one
dendrite, black line shows linear fit of data. b. Same as (a) but for basal dendrites. ¢. ,d. Same as
(a, b) but for onset latency time. e., f. Same as (a, b) but for rise time. g., h. Same as (a, b) but for
peak time. i., j. Same as (a, b) but for half width. k., 1. Same as (a, b) but for decay time.
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Moving the stimulation site away from the soma did not change the OP amplitude (Figure
19 a, b). This result is in agreement with a filtering effect of dendritic synaptic input recorded
at the soma, which normalizes EPSP amplitudes at medium-short distances (30—150 um) in
a distance-dependent manner (Nevian et al., 2007). However, more distally evoked OPs
showed longer latencies and slower kinetics, with all of the kinetics except for decay time
exhibiting a significant correlation between kinetic prolongation and the distance of the
stimulation site from the soma (Figure 19 c - 1). This result was also expected since distant
dendrites have smaller diameters with longer time constants, making the local potential
larger and longer (Spruston, 2009, 2008; Williams, 2004). Hence, prolonged kinetics is a
footprint of large local potentials generated in distant dendrites (Redman and Walmsley,
1983; Williams, 2004).

Overall Downstate dendritic OPs resemble data from cortical slice studies in terms of the
range and distance dependency of amplitudes and kinetics (Larkum et al., 2007; Nevian et

al., 2007; Williams and Stuart, 2002).

3.6.1 The state-dependent modulation of optogenetic potential amplitudes is

dendrite-specific

Layer 2/3 pyramidal neurons project their dendritic trees across different cortical layers
(Binzegger, 2004) (Paragraph 1.1.4, Figure 1, Figure 2). The basal dendritic compartment
stretches along the same layer 2/3 (Figure 20 f), receives excitatory input mainly from other
neighboring pyramidal cells (Feldmeyer et al., 2006) and from layer 4 stellate neurons
(Feldmeyer et al., 2002). On the other hand, the apical tuft compartment extends into layer
1 (Figure 20 a), where it collects feedback input mostly from areas outside the local circuit
(Larkum, 2013). Therefore, since pyramidal neurons partially compute input from different
sources in different compartments, the integration of these inputs may also be compartment-
specific (Larkum and Nevian, 2008; Major et al., 2013). Moreover, in comparison to their
apical counterparts, basal dendrites are shorter, thinner and express different active and
passive dendritic properties (Larkum and Nevian, 2008). Can network activity therefore
influence the compartment-specific integration of synaptic input in different ways?
Dendritic stimulations were targeted to apical or basal dendrites using the red Alexa signal
in the dendrites for in vivo guidance. Apical dendrites were identified by following the
branching of the apical dendritic trunk emerging from the top of the pyramidal cell body and

moving toward the pial surface. On the contrary, basal dendrites were identified by following
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the branching of laterally emerging dendrites around the soma focal plane. In a subset of
cells, stimulation spots were subsequently confirmed to be in apical or basal compartments,
respectively in layers 1 or 2, by post-hoc analysis carried out by reconstructing the neurons
in coronal brain slices (Paragraph 2.7).

As neurons went from Down- to Upstates, apicalOPs showed a significant reduction in
amplitude (Down 0.39 = 0.15 mV vs. Up 0.24 £ 0.15 mV, n =30, p < 0.0001) (Figure 20 a
- d). This change was significantly larger than expected (Up 0.24 £0.15 mV vs. Exp. 0.31 +
0.12, n = 30, p = 0.0128) (Equation 1). Despite the reduction in amplitude, there was no
change in the half width (Down 21.97 £ 6.61 ms vs. Up 21.59 + 13.24 ms,n=30,p=0.7151)
(Figure 20 b, ¢). However, normalizing the Upstate apicalOP to the Down- apicalOP amplitude
resulted in a larger half width in Upstates (Down 21.97 £ 6.61 ms vs. Normalized Up 38.23
+ 25.32 ms, n = 30, p < 0.0001). This suggests that the prolonged kinetics in Upstates are
maintained in apical dendrites, but since there is an enhancement of amplitude reduction
beyond the driving force effect, the potential as a whole is reduced.

In contrast, basalOPs, evoked from the stimulation of basal dendrites, showed no overall
change in amplitude (Down 0.39 + 0.24 mV vs. Up 0.39 + 0.19 mV, n =48, p = 0.9150)
despite the increase in Vi, (Figure 20 f - 1) and the expected reduction (Up 0.39 £0.19 mV
vs. Exp. 0.31 £ 0.18, n = 48, p = 0.0001) (Equation 1). In a manner similar to somaOPs,
basalOPs showed a significant increase in half width in Upstates (Down 19.67 + 3.94 ms vs.
Up 26.19 + 11.08 ms, n =48, p = 0.0004) (Figure 20 g, j).

Thus while the half width in all compartments increases in Upstates, the amplitude of
input to somatic, apical and basal dendrites is modulated to different extents by network
activity. OP amplitudes in both the apical and basal compartments diverge from the driving
force attenuating effect showed by the somatic stimulations (Figure 17 d), with apicalOP being
more reduced, while pasalOP are not affected at all. On the contrary, the kinetics seem to scale
up or down according to the amplitude, suggesting that the membrane time constant increase
observed in Upstates exerts a persistent effect on the kinetics of the potential across

compartments.
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Figure 20. Dendrite-specific modulation of subcellular two-photon evoked response
amplitude and Kkinetics.

a. Reconstruction of a representative layer 2/3 pyramidal neuron showing the soma in black, apical
dendrites in green and basal dendrites in orange with the two-photon stimulation spot on the apical
dendrite highlighted with a cyan arrowhead. Inset shows an in vivo image of an Alexa-594-filled
dendrite in red and the optogenetic stimulation site in cyan. b. Overlaid example (left) and
population mean (right) responses to the stimulation of an apical dendrite (apicalOP) show a
reduction in amplitude during Upstates. ¢. The Vi, increases as neurons go from Down- to Up-
state. Grey lines show data from individual cells; the filled circles with bars indicate the mean +
S.D.. d. Amplitude of picalOP is lower in Upstates compared to Downstates. e. Half width is not
significantly different between the states. f. Reconstruction of example cell as in (a) but for basal
dendrite stimulations. g. Neither the overlaid sample b.lOP (left) nor the population average
(right) show a reduction in amplitude when Down- are compared to Upstates. h. Same as (¢) but
for basal stimulation experiments. i. Amplitude of u.OP in Up- and Down-states is not
significantly different. j. Half width is significantly larger in Upstates than Downstates.
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3.6.2 State-dependent gain modulation of basal synaptic input

Excitatory connections between layer 2/3 pyramidal neurons generated ;EPSPs with a range
of amplitudes from around 0.1 to 3 mV (Figure 24 e, f) (Jouhanneau et al., 2015). To mimic
the natural distribution of the amplitudes I took advantage of the exposure light / ion current
relationship of ChR2 (Berndt et al., 2011) by adjusting the two-photon laser power for each
stimulation spot. I obtained a spread of amplitudes in Downstates similar to those observed
in real ;EPSPs (compare Figure 20 d, 1, and Figure 21 e, h, to Figure 24 e, f).

How does the network activity affect the integration of inputs with different amplitudes?
Various models have been proposed to account for the way spontaneous network activity
influences different types of modulation of dendritic inputs affecting amplitude and kinetics
of EPSPs (Paragraph 1.4). Some models predict a reduction of inputs during active states
(Bernander et al., 1991; Destexhe and Par¢, 1999) and others an amplification (H6 and
Destexhe, 2000; Rudolph and Destexhe, 2003; Waters and Helmchen, 2006); yet others
predict an amplification of small or distant inputs that results in a normalization of amplitude
distribution in Upstates, depending on the input strength or synaptic location (Berger et al.,
2001; George et al., 2009; Magee, 1999; Migliore and Shepherd, 2002).

To examine the state-dependent modulation of OPs with different amplitudes, I plotted
the ratio of the Up- to Downstate OP amplitude (Up:Down) as a function of the Downstate
amplitude. somaOPs (Figure 21 a - ¢) and apicalOP (Figure 21 d - f) showed a similar reduction
in amplitude during Upstates at all amplitudes. This resulted in similar Up:Down ratios for
soma inputs (Amplitude < 0.4 mV in Downstate, Up:Down 0.88 + 0.11, n =3 vs. Amplitude
> 0.4 mV in Downstate, Up:Down 0.82 + 0.07, n = 13, p = 0.2964) (Figure 21 c) and for
apical inputs (Amplitude < 0.4 mV in Downstate, Up:Down 0.65 + 0.34, n = 14 vs.
Amplitude > 0.4 mV in Downstate, Up:Down 0.60 = 0.31, n= 16, p = 0.7587) (Figure 21 f).

Unexpectedly, however, smaller inputs from basal dendrites exhibited a significant
increase in amplitude in Upstates (basalOP for amplitude < 0.4 mV in Downstate, Down 0.24
+ 0.10 mV vs. Up 0.32 £ 0.14 mV, n = 30, p = 0.0002) despite the expected reduction (Up
0.32+£0.14 mV vs. Exp. 0.19£0.08, n=30, p <0.0001). Larger amplitude asafOP responses
decreased (Amplitude > 0.4 mV, Down 0.64 + 0.19 mV vs. Up 0.50 £ 0.22 mV, n= 18, p =
0.0003) (Figure 21 h, 1) as expected (Up 0.50 = 0.22 mV vs. Exp. 049 £0.14,n=18,p =
0.8650). Up:Down ratios exhibited significant differences as well, depending on the size of
their amplitude (For amplitude < 0.4 mV in Downstate, Up:Down 1.41 + 0.54, n = 30 vs.
inputs > 0.4 mV in Downstate, Up:Down 0.77 + 0.23, n = 18, p < 0.0001) (Figure 21 1).
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Figure 21. Cortical state-dependent gain modulation of basal dendritic inputs in anesthetized
mice.

a. Two example mean, overlaid somaOPs with different Downstate (blue) amplitudes that both show
a small reduction in Upstate (red) response amplitude. b. No significant correlation between the
ratio of somaOP Up:Down amplitude and Downstate maOP amplitude. Inset, linear correlation
between Up:Down and the lg of Downstate amplitude. ¢. No significant difference in the same
data as in (b) but divided in two groups by Downstate OP amplitude. d. Same as (a), but for
apicalOPs. €, No significant correlation between the ratio of 4picalOP Up:Down amplitude and the Ig
of Downstate aicafOP amplitude. Inset as in (b). f. same as in (¢) but for data in (e), no significant
correlation. g. Overlaid, sample mean 1.sOP with larger amplitude in Downstate shows a
reduction in Upstates, whereas smaller amplitude sample pasaOP shows an increase. h. A negative
correlation between the ratio Up:Down 1aOP amplitude and Downstate pasaiOP amplitude results
in smaller amplitude inputs increasing and larger amplitude inputs decreasing in amplitude during
Upstates. Inset, linear correlation between Up:Down and the Ig of Downstate amplitude. i.
Splitting data from (h) as in (c¢) shows a significant difference between small and large pasaOP
responses. Black lines are single exponential (basal) or linear (apical, soma and insets) fits. Apical
and somatic data are fit with a line to highlight that there is no exponential correlation, as reported
by the lack of linear correlation in the log scale of the same data (insets).

This resulted in a negative relationship between the degree of state-modulation and pasaiOP

amplitude, with a significant linear correlation between the Up:Down amplitude ratio and
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the logarithm base 10 (Ig) of the Downstate amplitude (r = -0.61, p = < 0.0001) (Figure 21
h).

0.4 mV was chosen as a divide point between large and small amplitudes because when
plotting the amplitude of pasalOP responses in Down- versus Upstate a significant linear
regression crossed the Up:Down amplitude ratio unity (ratio = 1) at this Vi, value.

As can be seen in (Figure 21 g - 1), inputs to the basal dendritic compartment undergo a
gain modulation of the amplitudes in Upstates. This results in a single exponential
relationship that narrows the distribution of amplitudes during active states which induces a

normalization. This effect is not present in potentials elicited in apical dendrites or the soma.

3.6.3 Distance-dependent compartmentalization of apical input during active states

Direct dendritic patch studies have shown how dendritic integration can have a filtering
effect on synaptic input amplitudes, in a manner that is directly related to the distance of the
input from the soma (Larkum et al., 2007; Major et al., 2008; Nevian et al., 2007; Williams
and Stuart, 2002). Such a distance-dependent attenuation might be corrected or reversed

during active network states (Nevian et al., 2007; Rudolph and Destexhe, 2003).
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Figure 22. OP amplitude Up:Down ratio as a function of the distance of dendritic optogenetic
stimulation from the soma.

a. Up:Down ratio of somatic recorded amplitude in response to apical dendrite stimulation as a
function of the distance from the soma for the entire dataset. Open circles represents the mean
response ratio from one dendrite; the black line shows the linear fit of data. Significant negative
correlation between ratio of Up:Down 4icalOP amplitude and the stimulation dendritic site distance
from the soma. b. Same as (a) but for basal dendrites. Ratio of Up:Down .{OP amplitude is not
correlated to the distance of the stimulation dendritic site from the soma.

ApicalOP inputs more distant from the soma showed a larger reduction in amplitude during
Upstates than inputs from branches nearer the soma (r = -0.5, p = 0.0054) (Figure 22 a),
supporting a compartmentalization of processing in apical dendrites during network activity

(Williams, 2004). In contrast to apicalOPs, there was no correlation between the modulation
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strength of pasalOPs and distance from the soma (r = 0.14, p = 0.3136) (Figure 22 b), in line
with a model of basal dendritic filtering that is independent of distance up to 150 pm from

the soma (Nevian et al., 2007).

3.7 State-dependent gain modulation of synaptic glutamatergic input to

basal dendrites

A gain modulation of synaptic input amplitude by network activity has been reported before
(Reig et al., 2015) but the effect was attributed to network mechanisms rather than a
postsynaptic process of dendritic integration, as our data suggest. ChR2 is a non-specific
cation channel with a reversal potential of around 0 mV (Berndt et al., 2011). Thus, the
increase in pasalOP amplitude in Upstates goes against the reduction in driving forces
associated with a more depolarized V. To exclude the possibility that the effect might be
due to an unphysiological depolarization of dendrites during ChR2 stimulation, I next
examined whether a boosting of small-amplitude basal inputs is also observed with

glutamatergic inputs.

3.7.1 Gain control of thalamic synaptic input

I took advantage of the distinct pattern of axonal projections of thalamic ventral
posteromedial nucleus (VPM) neurons (Figure 23 a). VPM axons mostly target layer 4
neurons that subsequently project to the basal dendrites of layer 2/3 neurons (Feldmeyer et
al., 2002), but they also have axonal collaterals near the border of layer 4 and 2/3 that may
directly come into contact with the basal dendrites of layer 2/3 neurons (Figure 23 b). I
infected VPM neurons with ChR2, and Dr. Jouhanneau optogenetically activated their cell
bodies or cortical axons during visually-targeted whole-cell recordings from layer 2/3
pyramidal neurons (Figure 23 b) (Jouhanneau et al., 2014). VPM stimulation evoked a
depolarizing input with a short latency followed by a hyperpolarization which was likely
due to inhibition from local cortical GABAergic neurons. Measurements of the early
depolarizing response did not show an overall change in amplitude when comparing Down-
to Upstates (Down 1.23 £1.00 mV vs. Up 0.77 £0.55 mV, n= 11, p = 0.2060). Plotting the
Up:Downstate amplitude of the depolarizing response as a function of the Downstate
amplitude revealed a significant negative correlation and a state-dependent modulation

similar to that observed with OPs evoked in basal dendrites (Figure 23 b - f). Thus, these
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data show that a gain modulation also occurs in the case of glutamatergic inputs directed to
basal dendrites of layer 2/3 pyramidal neurons, evoked by VPM stimulation and suggest that
weak sensory-evoked glutamatergic inputs may also be amplified during active network

states (Reig et al., 2015).
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Figure 23. Glutamatergic inputs to layer 2/3 neurons from ventral posteromedial thalamic
nucleus show state dependent gain modulation.

a. Example of a cortical coronal slice showing a somatosensory barrel cortex innervation pattern
of ventral posteromedial (VPM) thalamic axons which express ChR2-EYFP. Dashed white lines
show pial surface and border with white matter. Cartoon shows the recording and stimulation
scheme. b. Two average, overlaid responses from cortical layer 2/3 whole-cell recordings upon
VPM stimulation during Down- (blue) and Upstates (red) show an example of a larger amplitude
that decreases in Upstates and an example of a smaller amplitude that increase in Upstates. ¢. As
in (b) but the population average response. d. Significant increase of V,, from Down- to Upstates.
Grey lines show data from individual cells; the filled circles with bars show the mean + S.D.. e.
Across the population there were no significant differences in the amplitudes of responses to VPM
stimulation in Up- compared to Downstates. f. A significant negative correlation between the ratio
of the Up:Down amplitude and the lg of Downstate response amplitude, showing the amplification
of small amplitude VPM responses during Upstates. Open circles represent the mean response
from a single cell; the black line is a single exponential fit.

Data reported here and in Figure 23 were collected in collaboration with Dr. J.-S.
Jouhanneau. The dataset is extracted from previously published collaborative work

(Jouhanneau et al., 2014) and reanalyzed by Dr. Jouhanneau for the purpose of this study.
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3.7.2 Gain modulation of local monosynaptic glutamatergic connections

Optogenetic VPM stimulation activates a large population of presynaptic neurons. To
measure whether unitary glutamatergic EPSPs (JEPSP) also undergo state-dependent gain
modulation, we next performed multiple (2 to 4) targeted whole-cell recordings from
monosynaptically connected layer 2/3 pyramidal neurons in vivo (Jouhanneau et al., 2015).
The vast majority of the synaptic contacts of these cells target the basal dendrites of

neighboring excitatory neurons (Feldmeyer et al., 2006).
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Figure 24. Local cortical monosynaptic glutamatergic connections show state dependent gain
modulation.

a. Schematic of experimental setup used to test for monosynaptic connectivity in vivo and an
example connection, current scale bar shows 200 pA; the Vi, scale bar is 40 mV for the presynaptic
and 0.1 mV for the postsynaptic neuron. b. Two representative averaged ,EPSPs with different
Downstate amplitudes. The larger response (left) is decreased in Upstates whereas the smaller is
increased (right). ¢. Overlaid population averages, of uEPSP in Down- and Upstates. d. Significant
increase of Vn, from Down- to Upstates. e. yEPSP experienced no change in amplitude in the
Upstate compared to Downstate across the entire population. f. Significant correlation between Ig
of the Downstate amplitude of ,EPSPs and the ratio of amplitude Up:Down, highlighting the
amplification of small amplitude ,EPSPs during Upstates. Open circles represent mean response
from a single cell, black line is a single exponential fit.

We then evoked single action potentials using brief, depolarizing injections of current and
measured the postsynaptic response in neighboring neurons to identify specific connections
and compare (EPSP amplitudes between Down- and Upstates (Figure 24 a, b). Across 31

connections with a depolarizing EPSP in Upstates, the mean amplitude during Upstates was
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not significantly different from the Downstate amplitude (Down 0.45 + 0.47 mV vs. Up 0.43
+ 0.39 mV, n = 31 connections, p = 0.6636) (Figure 24 c, ¢). Notably, however, smaller
amplitude EPSPs increased in amplitude in Upstates, while larger amplitude (EPSPs
decreased (Figure 24 b), resulting in a significant negative correlation between the ratio of
the EPSP amplitude in Up:Down and the lg of Downstate amplitude (Figure 24 f). Thus, a
state-dependent gain modulation is a fundamental feature of the integration of glutamatergic
local monosynaptic inputs in vivo.

Data reported in this paragraph and in Figure 24 were collected by Dr. J.-S. Jouhanneau
and partly published in (Jouhanneau et al., 2015).

3.8 Synaptic gain modulation in awake mice

While Up- and Downstates are a hallmark of anesthesia and slow wave sleep, cortical
neurons in awake resting mice also oscillate between brief, hyperpolarized periods (Vhyp)
and depolarized (Vaep) Vi values (Poulet and Petersen, 2008; Zhao et al., 2016). Therefore,
I next performed stimulations of somatic, apical and basal dendrites in awake resting mice
(Figure 25, Figure 26).

All awake recordings were performed on neurons in the right forepaw primary
somatosensory cortex, which was identified using intrinsic optical imaging (Paragraph 2.1.1,
Figure 6). Patched neurons displayed a normal resting Vin (-57.13 £3.25 mV, n=20). During
recording in the left forepaw S1, the right forepaw was tethered and spontaneous movements
were recorded (Paragraph 2.6). By matching paw movement and neuronal Vi, recordings,
movement and quiet resting periods were separated in the analysis (Figure 28 a); quiet

periods were subdivided in hyperpolarized Viyp and depolarized Vep periods (Figure 25 b).

3.8.1 Somatic responses during slow cortical activity in awake resting mice

Somatic stimulations in awake mice triggered somaOPs during quiet resting periods with onset
latencies of 0.67 + 0.70 ms, indicating a direct response to the optical stimulation. The rise
time was 4.51 + 0.61 ms, the peak time 11.96 + 1.34 ms, the half width 20.21 = 7.91 ms and
the decay time 21.41 + 13.73 ms, with an overall somaOP amplitude of 1.07 = 0.58 mV (n =
9).

I next split and the averaged somaOPs into Vgep and Viyp state responses based on their pre-
stimulus Vi (Paragraph 2.8.4 and Figure 25b) (Vhyp -62.31 £2.96 mV vs. Vep -54.26 £ 2.62
mV, n =9, p=0.0039). The somaOP amplitude was significantly smaller in Vep than Viyp
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state (Viyp 1.29 £0.58 mV vs. Vgep 1.02 £ 0.61 mV, n=9, p=0.0078) (Figure 25 ¢ - ¢), as
expected from the reduction in driving force during Vaep (Vaep 1.02 + 0.61 mV vs. Expected
1.12£0.50,n =9, p=0.3594) (Equation 1).

Therefore, awake slow Vi, oscillations affect somatic modulations in the same way as Up-

and Downstates in urethane anesthetized mice (Paragraph 3.5).
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Figure 25. Somatic optogenetic stimulation during slow cortical activity in awake, resting
mice.

a. Example in vivo image showing the path of two-photon stimulation (cyan) on the soma of a
ChR2-expressing neuron during whole-cell recording in an awake resting mouse. b. Whole-cell
recording of neuron in (a) during slow cortical fluctuations with epochs of hyperpolarized (Vnyp)
and depolarized (V4ep) membrane potential. Cyan ticks show optogenetic stimulation times. c.
Averaged light evoked ¢omOPs to soma stimulation from an example neuron (left) and the
population average (right) with Vyy, (blue) and Vg, (red) responses overlaid. d. V,, difference
between Viy, and Ve, phases of slow oscillation. e. someOP Ve, amplitude is significantly lower
than during Viyy.

3.8.2 Compartmentalization of apical input during slow network activity

Next, I examined dendritic inputs during slow oscillations in awake mice. I stimulated apical
and basal dendrites between 21 and 115 um from the soma (Apical 76.78 +25.94 um, n =
9, basal 55.18 + 29.69 um, n = 11) during periods of hyperpolarization (Vinyp) and
depolarization (Vaep) in resting mice.

Stimulations of apical and basal dendrites evoked apicalOPs and basalOPs whose kinetics

were similar in hyperpolarized (Viyp) periods (Apical rise time 5.50 + 1.83 ms, basal 5.48 +
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1.48 ms; apical peak time 14.75 £+ 3.93 ms, basal 16.05 + 2.29 ms; apical half width 19.09 +
9.79 ms, basal 26.02 + 8.10 ms and apical decay time 20.18 + 19.97 ms, basal 31.46 + 26.15
ms). The latency of OP (Apical 1.71 £ 0.61 ms, basal 1.48 £ 0.67 ms) correlated to the
distance from the soma in stimulations of both apical (r = 0.87, p = 0.0020) and basal (r =
0.90, p = 0.0001) dendrites.

Splitting the data between Viyp and Vep phases of the slow activity revealed a modulation
of OP amplitudes that was similar to our data from anesthetized mice. As neurons went from
Vhyp to Vaep (Apical Vin Viyp-60.16 £4.93 mV vs. Vep -49.61 £2.08 mV, n=9, p=0.0039)
(Figure 26 c), apicalOPs showed a significant reduction in amplitude (apical amplitude Viyp
0.84 = 0.58 mV vs. Vgep 0.39 £ 0.46 mV, n =9, p = 0.0039) (Figure 26 b - d) that was
significantly larger than expected (Vaep 0.39 = 0.46 mV vs. Exp. 0.69 £ 046, n =9, p =
0.0078) (Equation 1). Moreover, the reduction was more pronounced than in anesthetized
experiments (Paragraph 3.6.1, Figure 20 b, d).

In contrast, pasalOPs showed no overall change in amplitude (Basal amplitude Viy, 0.70 £
0.42 mV vs. Vgep 0.46 £ 0.30 mV, n =11, p = 0.0674) despite the increase in Vi, (Basal Vi
Viyp -56.63 = 3.63 mV vs. Viep -45.75 £3.85 mV, n =11, p =0.0010) (Figure 26 f-h) and
the expected reduction in amplitude based on the reduction in driving force (Basal amplitude
Viep 0.46 £ 0.30 mV vs. Exp. 0.57 + 0.35, n =11, p = 0.4648) (Equation 1). This result is
similar to that shown by basal stimulations in anesthetized experiments (Paragraph 3.6.1,
Figure 20 g, 1).

Thus, the reduction in amplitude of apical input in periods of Vgep during slow wave
oscillations in quiet resting awake mice, is even stronger than that seen during Upstates in
anesthetized animals. On the other hand, network activity in awake mice seems to affect
basal stimulations in the same way as Upstates under anesthesia. Even though there was a
trend toward an average basal amplitude that was smaller in Vgep versus Viyp, contrary to
anesthetized recordings where there was no state-related difference — although this
distinction did not reach a level of significance (compare Figure 26 f to Figure 20 g). This
can be explained through the observation that in awake recordings, small basal inputs are
underrepresented (Figure 26 h and Figure 27 c, d); indeed in magnitude-dependent
modulations, the grand average is representative of a population only if the range of
amplitudes is distributed equally across the dataset. In this case a lack of small inputs, which
were increased in Upstates, creates a bias toward a smaller averaged Upstate response. If
different amplitudes were equally represented, this discrepancy between awake and

anesthetized responses would probably vanish.

73



RESULTS

Apical stimulation

c d , h )
vV, Amplitude Amplitude
p = 0.0039 p = 0.0039 p = 0.0674
-40] 2]
> -50] » >
IS € 14
-604 + + + }
-70] 0 -70] o
Vhyp Vdep Vhyp Vdep Vhyp Vdep Vhyp Vdep

Figure 26. Basal and apical dendrite optogenetic stimulation during slow cortical activity in
awake, resting mice.

a. Reconstruction of example neuron showing apical dendrites in green and basal dendrites in
orange, with the two-photon stimulation spot of the apical dendrite highlighted by cyan arrowhead.
Inset shows an in vivo image of an Alexa-594 filled dendrite in red and optogenetic stimulation
site in cyan. b. Averaged light-evoked apicalOP from a representative neuron (left) and the
population average (right) with Vi, (blue) and Ve, (red) responses overlaid. e. Vi, differences
between the Viy, and Ve, phases of slow oscillations. d. apicalOP Ve, amplitude is significantly
lower than during Viy,. e. Reconstruction of example cell as in (a) but for basal dendrite
stimulation. f. Example v.s21OP (left) and the population average (right) both showing no reduction
in amplitude comparing Viyp to Vyep. 8. Vm increases as neurons go from Vi, to Ve, phases of
slow cortical oscillation. h. Amplitude of bas2tOP in Viy, and Vep is not significantly different.

3.8.3 Gain modulation of input to basal dendrites

I next plotted the ratio of the Vgep: Viyp OP amplitude as a function of the Viy, OP amplitude.
The apicalOPs showed similar Vep:Viyy amplitude ratio reductions at all Viy, amplitudes
(Apical inputs < 0.4 mV in Viyp, Vaep: Viyp 0.55 = 0.05, n = 3 vs. inputs > 0.4 mV in Viyp,
Viep: Viyp 0.38 £ 0.29, n =6, p = 0.3809) (Figure 27 b). In contrast, smaller amplitude pasaOP
inputs exhibited significant increases in amplitude ratios during Vqep, while larger amplitude

responses decreased (For basal inputs < 0.4 mV in Viyp, Vdep:Vhyp 1.89 + 0.70, n = 3 vs.
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inputs > 0.4 mV in Viyp, Vdep: Viyp 0.55 £ 0.30,n =8, p=0.0121) (Figure 27 d). This resulted
in a negative relationship between the degree of state-modulation and the pasalOP amplitude,
with a significant linear correlation between the amplitude ratio Vep: Viyp and the logarithm

of the Vyyp amplitude (r =-0.76, p = 0.0062) (Figure 27 c).
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Figure 27. Cortical state dependent gain modulation of basal dendritic input in awake mice
during quiet or active movement.

a. No significant correlation was observed between the ratio of Vep: Viyp apicalOP amplitude and
Vhyp apicalOP amplitude. Inset, linear correlation between Vgep: Viyp and the lg of Vi, amplitude. b.
Here the same data was divided into two groups of amplitude according to Viy, OP amplitude; no
significant difference was observed. ¢. A negative correlation between the Vaep: Viyp ratio in pasaiOP
amplitudes and Viyp basalOP amplitude led to increases in the amplitudes in smaller inputs and
decreases in the amplitudes of larger inputs during Vep. Inset, linear correlation between V gep: Viyp
and the lg of Vi, amplitude. d. Splitting data from (¢) as in (b) shows a significant difference
between small and large 1.sOP responses. Black lines are single exponential (basal) or linear
(apical and insets) fits. Purple fits, values (c¢) and averages (d) represent the same values but
calculated for Move: Vyy, ratio, in basal only. Dashed black lines are the corresponding fits for data
from anesthetized mice (from Figure 21 e, h) highlighting the similarities. Apical data are fit with
a line to highlight the lack of an exponential correlation, as shown by the lack of a linear correlation
in the log scale of the same data (inset).

A state-dependent gain modulation of basal inputs is therefore seen in awake resting mice
during slow network activity, as well as in anesthetized mice (Paragraph 3.6.2). This

suggests that the gain modulation has a function in the signal integration during the
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processing of meaningful network activity and it is not an artifact due to the side effects of

anesthesia side.

3.8.4 Impact of movement on gain modulation

While large-amplitude, slow fluctuations are highly correlated between neighboring layer
2/3 neurons in resting animals, they are abolished during movement, resulting in a
desynchronized or ‘‘active’’ cortical state (Poulet and Petersen, 2008). The active state has
been linked to a modulation of sensory responsiveness (Crochet and Petersen, 2006; Polack
et al., 2013; Zhou et al., 2014). This situation led me to examine whether soma, basal and
apical inputs are modulated differently during different network and behavioral states. By
monitoring spontaneous forepaw movements during recordings and optostimulations, I
could identify and analyze inputs to the soma, apical and basal dendrites as presented above
(Paragraphs 3.8.1, 3.8.2) and examine their integration in comparison to the active
movement state (Move) (Figure 28).

Overall, the Vin during Move periods was less variable than that of quiet periods, without
a clear bimodal distribution (Figure 28 a). The Vi, of Move periods lay, on average, between
the Vi values established for Viyp and Vaep during quiet periods. While they were closer to
Vaep values, they were significantly different from both (For soma, Move Vi, -56.56 + 3.75
mV vs. Vi -62.31 £2.96 mV n =9, p =0.0039; Move vs. Vaep -54.26 £2.62 mV,n=9, p
=0.0039) (Figure 28 c).

Likewise, somaOP amplitudes during Move lay between those for Viy, and Vep (Figure 28
b) during quiet periods, yet once again significantly differed from both (soma Move
amplitude 1.10 £ 0.64 mV vs. Viyp 1.29+ 0.58 mV,n =9, p=0.0391; Move vs. Vgep 1.02 +
0.61 mV,n=9, p=0.0117) (Figure 28 d). The Move amplitude was reduced as much as
expected by the driving force reduction between Move and Viyp (Soma Move amplitude,
1.10 + 0.64 vs. Expected 1.16 £ 0.51, n =9, p = 0.4961) (Equation 1). Thus, somatic input
seems to be modulated only by the difference in driving force, as directly determined by the
difference in Vi, between these three “states” in awake mice.

Measurements from apical inputs, however, showed an unexpected trend. In quiet periods
apicalOP amplitudes undergo a massive reduction during Ve, (Paragraph 3.8.2, Figure 26 b,
d), but during the active Move state they were not reduced (Apical Move amplitude 0.76 +
0.54 mV vs. Vi 0.84 £0.58 mV, n =9, p=0.3594; Move vs. Vgep 0.39 £0.46 mV,n=9,
p = 0.0039) (Figure 28 e, g). Even though the average Move Vi was closer to Vep, it still
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differed significantly from both quiet states (Apical Move Vi, -53.11 £2.31 vs. Viyp -60.16
+4.93 mV,n=9, p=0039; Move vs. Vqep -49.61 £ 2.08 mV, n=9, p = 0.0039) (Figure 28
f). The Move amplitude reduction was in line with the Vy, difference between Move and
Viyp (Apical Move amplitude 0.76 + 0.54 mV vs. Expected Move amplitude 0.74 + 0.50
mV,n=9,p=0.9101) (Equation 1).

In contrast, the effects of movement on inputs from basal dendrites were similar to those
observed during Vgep in quiet periods. This means that the average basaiOP amplitude during
Move did not differ from the V4ep amplitude; both were significantly reduced in comparison
to Viyp (Basal Move amplitude 0.49 = 0.28 mV vs. Vi 0.70 £0.42 mV, n= 11, p=0.0185;
Move vs. Viaep 0.46 £ 0.30 mV, n= 11, p = 0.9658) (Figure 28 j). Despite the fact that the
average Move Vy, lay between those for Viyp and Vaep, it differed significantly from both
(Basal Move Vi, -49.23 £4.32 vs. Viyp-56.63 £3.63 mV,n=11, p=0.0010; Move vs. Vdep
-45.75+3.85mV,n= 11, p=10.0010) (Figure 28 1). Finally, Vi depolarization reduced the
basal Move amplitude in comparison to Viyp as expected (Basal Move amplitude 0.49 £ 0.28
mV vs. Expected 0.61 + 0.37 mV,n= 11, p=0.1230) (Equation 1).

In summary, active movement impacts the state-dependent modulation of stimuli to basal
and apical dendrites in different ways. On apical dendrites, movement seems to counteract
the attenuating compartmentalization along the branches, completely canceling it out and
restoring a linear modulation in line with the driving force, or even enhancing the signal to
a Viyp level. This suggests that the apical compartmentalization during depolarized states
may be due to a constant inhibition mechanism, which would be released during a top-down
feedback signal through layer 1 that occurs during active movement (Paragraph 1.4.1).

In basal dendrites, however, active movement does not seem to interact with the normal
driving force effect on the amplitude, but it might downregulate the amplitude-dependent
gain modulation to restore a linear correlation. Indeed, plotting the amplitude ratio
Move:Vhyp as a function of the Viyp amplitude does not result in an exponential fit or in a
significant linear correlation with the logarithm of Vyy, amplitude (r = -0.53, p = 0.0949)
(Figure 27 c purple). Similarly, splitting the dataset at 0.4 mV, as the Viy, amplitude divide,
does not result in a significant difference between small and large vasalOP responses (for basal
amplitudes < 0.4 mV in Viyp, Move:Vhy, 0.97 £ 0.30, n =3 vs. amplitudes > 0.4 mV in Vhyp,
Move:Viyp 0.71 £ 0.25, n = 8, p = 0.2788) (Figure 27 d purple). However, more data are

required to confirm this movement-dependent modulation.
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Figure 28. Optogenetic stimulation during desynchronized active Move state.

a. Example whole-cell recording of a layer 2/3 cortical neuron in an awake mouse during slow
cortical oscillations with epochs of Vi, and Vg, in quiet periods compared with paw movement
periods (Move, purple trace) showing faster and smaller amplitude Vi, oscillations along with a
depolarized Vi (purple areas). Cyan ticks show time points of optogenetic stimulations. b. Overlay
of averaged somaOPs during quiet phases, split into Vi, (blue) and Ve, (red) (same data as Figure
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25 c right) and Move (purple) responses. ¢. Vi, difference between Vi, and Ve phases of resting
periods (from Figure 25 d) and Move desynchronized phases; the Vi, during Move phases lay in
between and was significantly different from both quiet phases. d. somaOP Vgep amplitude was
significantly smaller than during Vi, (from Figure 25 e) as was the case for the Move amplitude,
which was not different from Vgcp. €. Same as (b) but for apicaiOPs; Viyp and Ve, (from Figure 26
b right). f. Same as (c) but for apicalOPSs; Viyp, Vaep (from Figure 26 ¢) and Move are all different. g.
Same as (d) but for 4picalOPs; Viyp, Vaep (from Figure 26 d); apicalOPs during Move were larger than
during Vp and undistinguishable from those of Viyp. h. Same as (b) but for vaailOPs; Viyp and Vep
(from Figure 26 fright). i. Same as (¢) but for pasaOPs; Viyp, Vaep (from Figure 26 g) and Move are
all different. g. Same as (d) but for asalOPS; Viyp, Vaep (from Figure 26 h). In basal dendrite and
soma stimulations, Move periods amplitude were modulated to be different from Vg, and
undistinguishable from V gcp.

Overall, optogenetic stimulations during awake recordings seem to reproduce the
compartment-specific, state-dependent modulations that inputs undergo when the stimuli are
applied and recorded in anesthetized mice (Paragraphs 3.5, 3.6.1 and 3.6.2). This lends
confidence to the assertion that such state-dependent modulations are not an artifact of
anesthesia and additionally suggests that these modulations have a function in the synaptic
input integration during the processing of information. Moreover, awake moving periods
provided an opportunity to test the effect of an active desynchronized brain state on the
process of input integration, shedding light on yet another interesting effect that appears to
be confined to the apical compartment.

Nevertheless, because of the relatively small dataset that could be obtained during
experiments on awake animals due to the intrinsic difficulty in extracting meaningful signals
that rise above the highly variable Vi, oscillation that occurs during awake recordings, future
studies will be required to enlarge this dataset and examine this surprising finding in more

detail.

3.9 Postsynaptic mechanisms of state-dependent changes in synaptic

integration

What postsynaptic mechanisms could account for the state-dependent gain modulation of
basal inputs during slow network oscillations? Considering that somatic stimulations elicit
a flow of current directly at the recording site, I first investigated whether the somaOP was

influenced by differences in the mean Vi,
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3.9.1 Somatic modulation can be mimicked by depolarizing current injection

Through the injection of a positive current, the Downstate Vi can be depolarized to the level
of an Upstate. This Upstate ‘Isopotential’ will preserve the low input and Vi variability of
Downstate, permitting a discrimination between the relative effects of the Upstate
components on the ways OPs are modulated (Figure 29 a).

There are significant differences between the averaged somaOPs triggered in Downstates
and Isopotential (Iso) based on the pre-stimulus Vi, (Down -66.25 +2.21 mV vs. Iso -50.06
+5.23 mV,n=10, p=0.0019), but not between Upstates and Isopotential (Up -50.41 £ 2.5
mV vs. Iso -50.06 = 5.23 mV, n = 10, p = 0.7695). This makes the Isopotential a good
simulator of Upstate Vi, (Figure 29 b, e).

somaOP response amplitudes are significantly smaller in the Isopotential compared to
Downstate (Down 2.61 = 0.97 mV vs. Iso 2.16 + 0.76 mV, n = 10, p = 0.0019) but do not
significantly differ from the Upstate (Up 1.98 + 0.71 mV vs. Iso0 2.16 £ 0.76 mV, n = 10, p
= 0.0644; Figure 29 c, d, ). In the same way, the half widths of somaOP Isopotentials are
significantly longer than those of Downstates (Down 20.91 + 3.46 ms vs. Iso 30.85 + 6.75
mV, n =10, p=0.0019) but similar to those of Upstates (Up 29.38 + 6.49 ms vs. Iso 30.85
+6.75 mV,n=10, p=0.4922; Figure 29 c, d, g).

Both somaOP amplitudes and state-dependent modulations of half widths can be replicated
by simulating the Upstate Vi, alone, suggesting that the depolarized mean Vi, during network
activity is mainly responsible for state-dependent modulations, at least at the soma.
Moreover, since Vi variability and synaptic inputs increase in Upstates but are the same
during the Downstate and Isopotential, this indicates that these variables have negligible
effects on the modulation of somatic inputs.

Since the depolarized Vi is the factor mainly responsible for the reduction of somaOP
amplitude, the variation can be explained by the difference in the driving force between the
two Vi levels.

Like other unspecific cationic channels, which are physiologically responsible for EPSPs
in pyramidal neurons such as AMPA and NMDA, the ChR2 variant used here (T159C) has
a Viey at around 0 mV (Berndt et al., 2011). This means that activating these channels at
different negative Vi values will produce a depolarization whose amplitude will be
proportional to the difference between this Vi, and 0 mV. The expected Upstate amplitude
predicted by the described formula (Paragraph 2.8.8, Equation 1) is very similar to that
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actually measured in Upstates (Up 1.98 = 0.71 mV vs. Exp 1.99 £ 0.73 mV, n =10, p =

0.6953).
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Figure 29. Somatic Downstate current injection causes a reduction in smaOP amplitude as
observed during Upstates.
a. Membrane potential recording of an example neuron during Downstate (blue box), Upstate (red
box) and current injection during Downstate depolarizing the Vi, to the same level of Upstates
(Isopotential, magenta box), with time points of optogenetic stimulation below (cyan). b. Mean
responses during Down (blue), Up (red) and Isopotential (magenta), highlighting the similarity of
the mean Vy, in Upstate and Isopotential. ¢. Same example traces as in (b) but overlaid to highlight
differences in amplitude and half width. d. Overlay of the population averages of somaOP during
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Downstate, Upstate and Isopotential. e. Mean resting Vi, during Down, Up and Isopotential. This
displays the lack of difference between Upstate and Isopotential V. f. Amplitude of omaOP is
reduced in Upstates and during somatic current injections as compared to Downstates. g. Half
width of the smOP is increased in Upstates and during injections of current in Isopotential trials
compared to responses during Downstates. Grey lines show data from individual cells; the filled
circles with bars show the mean + S.D..

These results are in line with a model in which the driving force plays a major role in
amplitude attenuation, at least in the somatic compartment. This cannot, however, explain

the unexpected increase in half width.

3.9.2 The influence of network activity on somatic input resistance

While the reduction in somatic responses observed in the experiments can be predicted based
on the increase in baseline Vi, this cannot explain how small basal responses are amplified
in depolarized states. One clue might lie in the increase in the half widths of pasaOPs, which
may indicate a change in the cellular input resistance during different states.

The average depolarized Vi during the active cortical Upstate is determined by a sudden
increase in synaptic inputs throughout the whole cell body and branches. There is an increase
in both excitatory and inhibitory input from synapses; however, since the overall result is a
mean Vi depolarization, Upstates are considered periods of increased excitation. During
these phases, the Vi is closer to the threshold at which an action potential is generated, and
spikes are more likely to occur than in Downstates. Another effect of the intensification of
synaptic input in Upstates is an overall increase in the conductance of the cell membrane
that in turn changes the conductive properties of dendrites (Destexhe et al., 2003; Spruston,
2009). This means that during Upstates, an input arriving at a synaptic site will encounter a
number of open channels that will affect its propagation to the soma by leaking its current
(Spruston, 2009). This eventually results in a shortening of the membrane time constant and
subsequently the input potential kinetics, and hence in a reduction of the total charge that is
transmitted to the soma.

Upstates are thus considered states of high conductance characterized by a lower input
resistance (IR) in comparison to the silent Downstate (Williams, 2004). While this may be
the case for other neurons in the brain (Destexhe et al., 2003; Destexhe and Paré, 1999),
layer 2/3 pyramidal cells have been found to reverse this pattern (Mateo et al., 2011; Waters

and Helmchen, 2006). In fact, the recordings of layer 2/3 cortical neurons presented here
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reveal an increase in somatic input resistance and the decay time constant, despite an increase
in synaptic activity during activated states (Figure 30 and Figure 32 a - d).

Upon injecting brief (80 ms), hyperpolarizing current pulses (-100 pA), while recording
the change in Vi, during spontaneous state fluctuation, I found a significant increase in IR
during Upstates (Down IR, 44.8 £ 7.3 MQ vs. Up 59.1 £ 10.1 MQ,n=7,p=0.0156) (Figure
30 b, e, h (0 pA)) and a prolongation of the time constant (Tau) (Down tau 7.3 £ 1.7 ms vs.
Up 9.4 +1.7ms,p=0.0156) (Figure 30 e, 1 (0 pA)). This despite the increase in Vi, (Down
Vi -63.9+2.8mV vs. Up-52.2+ 3.5 mV, p=0.0156) (Figure 30 b, e, g (0 pA)).

To test whether this input resistance increase is dependent on the depolarized Vi in
Upstate, I applied the same steps of hyperpolarizing current while holding the Vi, resting
potential to a depolarized state by constantly injecting 200 pA. The depolarized-Down Vi
was different from the Downstate Vi, (Down Vi, -63.9 £ 2.8 mV vs. Down+200 -49.1 + 5.0
mV, p=0.0156) but not from an Upstate Vin (Down+200 Vi, -49.1 £ 5.0 mV vs. Up -52.2 +
3.5mV,p=0.0156) (Figure 30 a, d, g). This resulted in an increase in input resistance (Down
IR, 44.8 £ 7.3 MQ vs. Down+200 75.6 = 16.8 MQ, p = 0.0156) (Figure 30 d, h) and time
constant with Vi, depolarization (Down tau 7.3 = 1.7 ms vs. Down+200 14.4 £ 5.1 ms, p =
0.0156) (Figure 30 d, 1).

In contrast, holding the potential to a more hyperpolarized Vi, by constantly injecting
-200 pA (Down Vi, -63.9 £ 2.8 mV vs. Down-200 -72.3 +£ 1.4 mV, p = 0.0156) (Figure 30
c, f, g) led to a decrease in input resistance (Down IR, 44.8 + 7.3 MQ vs. Down-200 36.8 +
9.8 MQ, p =0.0156) (Figure 30 £, h) and time constant (Down tau 7.3 £ 1.7 ms vs. Down-
200 3.6 £0.6 ms, p=0.0156) (Figure 30 f, 1).

This implies that in L2/3 pyramidal neurons the Vi, directly influences input resistance,
counteracting its trend toward decrease due to channel openings which occur in active states.
Additionally, this effect seems to reach a plateau for hyperpolarized potentials, where despite
the difference in Vi, in Down- and Upstates (Down-200 Vi, -72.3 £ 1.4 mV vs. Up-200 -
63.1 £ 2.2, p =0.0156) (Figure 30 c, f, g -200), there is no difference in input resistance
(Down -200 IR 36.8 £ 9.8 MQ vs. Up- 200 40.6 £ 9.7 MQ, p = 0.2812) (Figure 30 f, h -200)
or time constant (Down- 200 tau 3.6 = 0.6 ms vs. Up-200 4.6 = 1.4, p = 0.1562) (Figure 30
f, 1-200).

This effect can be related to anomalous rectification (Waters and Helmchen, 2006) and
might be explained by the action of a voltage-dependent channel which has a dynamic range
of activation at Vi, between Up- and Downstates that causes it to act differently during the

state change. Voltage-dependent channels responsible for a persistent inward sodium current
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(Nap) have an activation threshold of ~ -55 mV (French et al., 1990). Moreover sodium
currents have been linked to the increase of IR in Upstate in L2/3 neurons (Sutor and

Zieglginsberger, 1987) thus the activation of Nap might be responsible for this anomalous

rectification.
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Figure 30. Input resistance increase in Upstates is determined by change in V.

a. Example whole-cell recording showing the negative current injection pulses (-100 pA, 80 ms,
magenta trace) that were used to measure somatic input resistance on top of a tonic depolarization
obtained with positive current injection of +200 pA. b. The same cell but without the holding
potential. ¢. Again the same cell, but with tonic hyperpolarizing -200 pA current injection. d.
Population average membrane potential (Vm) response to hyperpolarizing current injection pulses
during Downstate (blue) and Upstate (red) from depolarizing holding potentials (+200 pA) (a). e.
Same as (d) but without the holding potential (0 pA) (b). f. Same as (d) but for hyperpolarizing
holding potentials (-200 pA) (¢). g. Mean V., during Down- (D) and Upstates (U) during the
injection of -200, 0 and 200 pA holding potential currents. h. Input resistance and i. Tau increase
with Vi, depolarization. Grey lines show data from individual cells; filled circles with bars show
the mean + S.D.; * = p < 0.05; n.s. = not significant.
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3.9.3 Combined effect of driving force and input resistance on the total transmitted

charge

As neurons oscillate between a hyperpolarized Downstate and a depolarized Upstate, the
driving force and input resistance seem to have opposing effects on OPs. While the driving
force reduces amplitude of OPs, input resistance increases them, causing a prolongation of
the kinetics in Upstates.

If a sum is made of the amplitude that is transmitted through the entire kinetics of the
depolarized potential, the result is a measure of the total charge delivered by a single OP.
Since is the spatial and temporal summation of EPSPs and IPSPs that determines whether
the action potential threshold can be reached, the total charge represents the impact that a
given input has on the subthreshold signal integration of the neuron. The total charge is
represented by the area under the depolarization curve, from onset to decay time on the
temporal axis and from pre-stimulus Vi up to the peak amplitude value on the Vi, axis. Thus,
the total charge can be calculated with an integral.

somaOPs in anesthetized recordings show no difference in the total charge that is
transmitted, in comparisons of Down- and Upstate averaged integrals (somatic Down
integral 39.8 + 31.4 mV x ms vs. Up 43.9 + 37.6 mV x ms, n =16, p = 0.2978) (Figure 31
a). This implies that the decrease in amplitude and increase in half width (Figure 17 d, f, g)
compensate for each other and normalize the total charge between the states. On the contrary,
for apicalOPs, the constant half width (Paragraph 3.6.1, Figure 20 b, e) does not suffice to
compensate for the large reduction of amplitude (Figure 20 b, d), also leading to a total
charge reduction in Upstates (Apical Down integral 9.9 £ 6.2 mV X ms vs. Up 6.8 £ 5.8 mV
xms, n=30,p=0.0047) (Figure 31 b). On the other hand, pasailOPs showed no overall change
in amplitude in comparisons of Up- and Downstates but rather a prolongation of the kinetics
(Figure 20 g, 1, j), therefore achieving a larger total charge in Upstates (Basal Down integral
84+£57mV xmsvs. Up 11.5 £8.9 mV xms, n=48, p=10.0036) (Figure 31 c).

Additionally, plotting the Up:Down integral ratio of vasailOPs as a function of the integral
in the Downstate reveals an enhancement of the gain modulation observed for the amplitudes
(Figure 21 h), with a significant correlation (Up:Down integral vs. Ig Down integral, r =
-0.48, p = 0.0006) (Figure 31 d). Up:Down ratios show an increase of up to 15 fold for
smaller inputs, meaning that the total charge dramatically increases the impact of the gain

modulation on dendritic integration.
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In awake recordings as well, the total charge of somatic stimulation is normalized across

the two quiet states and the moving period (Somatic Vhyp integral 27.6 £ 15.0 mV X ms vs.

Viep 30.4 £28.8 mV Xxms,n=9, p=1; Viyp vs. Move 24.1 £ 15.0 mV x ms, p = 0.3594;

Viaep vs. Move, p = 1) (Figure 31 e). For awake apicalOP averaged integrals, Vgep 1s smaller

than Viy, and Move periods, however Move apicalOPs are larger than Vi, although the

difference is not significant (Apical Viyp integral 20.7 = 17.6 mV X ms vs. Vaep 12.0 = 19.8
mV xms,n=9,p=0.0273; Viyp vs. Move 29.1 £24.8 mV X ms, p=0.0976; V4ep vs. Move,
p =0.0039) (Figure 31 f).
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Figure 31. Influence of network activity on the total charge of OPs in recordings from
anesthetized and awake mice.

a. Averaged somsOP integral in anesthetized mice. No difference in the Up- and Downstate total
charge. b. Input reduction in the Upstate is also observed for the .picalOP total charge. ¢. Overall
increase of the 1.siOP total charge during Upstates. d. Significant correlation of Up:Down pasalOP
integral ratio and Downstate 1.5 OP 1g integral. The gain modulation of the integral is enhanced in
comparison to the amplitude (Figure 21 h). e. Averaged 5,m.OP integral in awake mice. Averaged
total charges in Vgep, Viyp and Move periods are normalized. f. In apical dendrites, the Ve total
charge is reduced in comparison with Vi, and Move, and Move is enhanced in comparison to
Viyp, though not significantly. g. No overall difference among total charges in basal dendrites. h.
Significant correlation of Vep:Viyp basalOP integral ratio and Viyp 1asalOP lg integral. Gain
modulation of integral is enhanced in comparison to the amplitude (Figure 27 c).
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This increase in Move versus Vhyp does not appear as a change in amplitudes (Paragraph
3.8.4, Figure 28 e, g), implying that the impact of movement on 4picalOPs might be greater in
enhancing the summation and propagation of inputs. On the contrary, on basal dendrites I
found no difference across the three oscillation periods in influencing the averaged pasaOP
integrals (Basal Viyp integral 19.0 = 13.4 mV X ms vs. Vgep 13.1 £8.9mV xms,n=11,p=
0.1748; Vhyp vs. Move 144+ 11.2 mV x ms, p=0.1230; Vgep vs. Move, p = 0.7646) (Figure
31 f). This result in basal dendrites of awake mice is different from the same observed in
anesthetized ones (Figure 31 c). However, because there is a gain modulation depending on
the distribution of input in Downstate (or Viyp), for which in awake recordings the dataset is
limited for small inputs (compare Figure 21 i to Figure 27 d), a comparable distribution
would probably produce the same result also in awake. Indeed, awake gain modulation of
basalOP integrals, as in anesthetized, is enhanced in comparison to gain modulation of
amplitudes (Figure 27 c), with a significant correlation (Vdep:Vhyp integral vs. 1g Viyp
integral, r =-0.92, p <0.0001) (Figure 31 h).

Therefore, the analysis of the total charge provides a means of understanding the ways
different state-dependent modulations act on the amplitude and kinetics of inputs and to
estimate the impact that specific inputs have on their subthreshold integration. In summary,
the total change in Up- and Downstates is normalized for somatic inputs, reduced for those
arriving from apical dendrites and enhanced for basal inputs. In awake Move periods,
integrals are larger in apical dendrites. Finally, the gain modulation from stimuli arriving via

basal dendrites is dramatically enhanced in relation to the total charge.

3.9.4 Synaptic gain modulation of basal inputs is blocked by intracellular

applications of voltage-dependent sodium channels using QX-314

What channels might be responsible for the different types of modulations which occur
during network activity? Sodium persistent Nap channels have been reported to influence
the integration of EPSPs by affecting both amplitude and kinetics (Gonzalez-Burgos and
Barrionuevo, 2001; Stuart and Sakmann, 1995) and sodium currents have been linked to the
input resistance increase with depolarization, responsible for anomalous rectification in L2/3
pyramidal neurons (Sutor and Zieglgénsberger, 1987). A prior study showed that increases
in somatic input resistance can be blocked by intracellular applications of QX-314, a voltage-

gated sodium channel (Nay) antagonist (Waters and Helmchen, 2006). Therefore I next
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administered 1 mM QX-314 (QX) into the intracellular solution and, after waiting > 5

minutes for it to perfuse, I stimulated basal dendrites in Down- and Upstates.
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Figure 32. The increase in input resistance during Upstates is blocked by the intracellular
application of QX-314.

a. Population average membrane potential (Vi) response to hyperpolarizing current injection
pulses during Downstate (blue) and Upstate (red). b. Input resistance and ¢. Tau increase in
Upstates. Grey lines show data from individual cells; filled circles with bars show the mean +
S.D.. d. - f. Same as (a - ¢) but with 1 mM QX-314 in the intracellular solution. Note the reduction
(not significant) of input resistance (e) and time constant (Tau) (f) in comparison of Down- to
Upstates. g. - i. Same as (a - ¢) but from awake resting mice during slow network activity split by
pre-stimulus V.

The application of QX blocked the generation of action potentials, but neurons maintained
a normal resting Vi, (-60.64 + 4.57 mV, n = 18) and subthreshold activity. Compared to

control Downstate responses, there were increases in both the QX-Downstate input
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resistance (Control-Down 44.8 = 7.3 MQ vs. QX-Down 81.5 £ 11.0 MQ,n=7,p =0.0156)
and QX-Downstate time constant (Control-down 7.3 + 1.7 ms vs. QX-down 22.1 £+ 3.4 ms,
n=7,P=0.0156). Moreover, during QX-Upstates the input resistance showed no significant
change (QX-Down 81.5 + 11.0 MQ vs. QX-Up 74.6 + 7.2 MQ, n =7, P = 0.0781), but the
time constant decreased (QX-Down 22.1 + 3.4 ms vs. QX-Up 16.9 £ 4.6 ms,n=7,p =
0.0156) (Figure 32 d, e, f).
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Figure 33. Gain modulation of basal inputs is blocked by intracellular applications of QX-
314.

a. Biocytin reconstruction of example cell in an optogenetic stimulation experiment targeting a
basal dendrite, showing the apical (green) and basal (orange) dendrite, the axon (grey, truncated)
and the location of optogenetic stimulation (cyan arrow). Inset shows in vivo image of an Alexa-
594 filled dendrite in red and the optogenetic stimulation site in cyan. b. Mean representative
pasalOPs of both large and small amplitudes show a reduction in amplitude from Down- (blue) to
Upstates (red) during whole-cell recordings with 1 mM QX-314 added to the intracellular solution.
¢. The mean 1.521OP of the population is reduced during the intracellular application of QX-314 in
Upstates. d. Vi, increases as neurons go from Down- to Upstates during experiments using
intracellular QX-314. Grey lines show data from individual cells; filled circles with bars represent
the mean + S.D.. e. A significant reduction of pasalOP amplitude in Up- compared to Downstates.
f. Half width is significantly smaller in Upstates than in Downstates. g. The total charge reduction
is highly significant and more pronounced than the amplitude. h. No correlation between the state
modulation of vas21OP amplitude and the Ig of Downstate 1.,iOP amplitude. Open circles represent
mean responses from a single cell; orange line shows the linear fit. i. No significant difference in
the same data as in (h) but divided into two groups of amplitude based on Downstate pasalOP
amplitude.

The application of QX-314 caused a reduction in the amplitude of vasalOPs during Upstates
(QX-Down amplitude 0.47 = 0.35 mV vs. QX-Up 0.35 £ 0.29 mV, n = 22, p = 0.0007)
(Figure 33 a - e); they also exhibited a reduction similar to that expected from the reduction
in driving force (QX-314-Up 0.35 + 0.29 mV vs. QX-Expected 0.37 £ 0.27, n =22, p =
0.3053) (Equation 1). Moreover, QX-314 led to a reduction in half width during Upstates
(Down half width 28.77 + 6.34 ms vs. Up 24.10 = 10.15 ms, n =22, p = 0.0301) (Figure 33
c, ), in contrast to the increase observed in control OPs (Figure 20 g, j). Overall this
produced a dramatic reduction of the total charge that was transmitted (Down integral 15.5
+13.8mV xms vs. Up 9.7+ 10.3 mV xms, n= 18, p <0.0001) (Figure 33 g).

This indicates that QX-314 blocked the state-dependent increase in amplitude that
otherwise occurred with small as2lOPs in Upstates (for basal amplitudes < 0.4 mV, control
Upstate amplitude 0.32 + 0.14 mV, n = 30 vs. QX-Upstate amplitude 0.19 + 0.09 mV, n =
13, p=0.0024). Additionally, no significant correlation was detected when plotting the ratio
of Up:Down 1asalOP amplitude as a function of the Downstate amplitude during applications
of QX-314 (Figure 33 h).

Applications of QX-314 resulted in a reduction of the pasatOP Up:Down amplitude ratio
(for inputs < 0.4 mV) (Figure 33 1) to level similar to that observed in inputs from apical
dendrites (inputs < 0.4 mV, Apical Up:Down OP amplitude 0.65 + 0.34, n = 16 vs. Basal
QX Up:Down OP amplitude 0.74 £ 0.31, n = 13, p = 0.5026) (Figure 34).
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Figure 34. Small basal input approximates to apical input under QX-314.

The ratios of the Up:Down amplitude for small amplitude (< 0.4 mV) (EPSPs and pasaOPs are
significantly larger than for apicalOPs and vaslOPs during intracellular QX-314 application. Grey
open circles show data from single cells, bars show mean + S.D..

In summary, QX-314 has a dual effect on the state-dependent modulations reported in this
study: it blocks anomalous rectification, which is responsible for the increase of IR during
Upstates, and it abolishes the gain modulation of inputs from basal dendrites. Since QX-314
mainly blocks sodium Nay channels (Strichartz, 1973), and the persistent sodium Nap
currents have been reported to influence synaptic input integration by modulating amplitude
and kinetics of EPSPs (Gonzalez-Burgos and Barrionuevo, 2001; Stuart and Sakmann,
1995), this suggests that Nap channels may be involved in the gain modulation of basal
dendritic inputs.

This indicates that the gain modulation of basal dendritic inputs reported here for pasaiOP
(Paragraph 3.6.2) and (EPSPs (Paragraph 3.7.2) may be dependent on postsynaptic, cell-
intrinsic mechanisms, which influence the integration of inputs to a network level, as shown

by the modulation of VPM connections (Paragraph 3.7.1).
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In recent years, developments in electrophysiological, optical, molecular and behavioral
methods have dramatically advanced the study of the living brain. New in vivo experiments
are shedding light on how network activity changes and shapes information processing,
sensory perception and cellular interactions (Barth and Poulet, 2012; Buzsaki, 2006;
Destexhe et al., 2003; Grienberger et al., 2015; Lee and Dan, 2012; Petersen and Crochet,
2013; Steriade, 2001; Stuart and Spruston, 2015). The goal of my thesis was to examine the
impact of network activity on synaptic integration in cortical pyramidal neurons in vivo.

I studied the integration of single excitatory synaptic inputs in L2/3 pyramidal neurons of
the primary somatosensory cortex of the mouse in the context of network activity. Because
these neurons display a functional and anatomical separation of their dendritic arbors
(DeFelipe and Farinas, 1992; Larkum, 2013; Shipp, 2007), I hypothesized that synaptic
integration in active networks may depended on the input site. To test this hypothesis I
applied optogenetic stimulation to apical or basal compartments and measured how network
activity influenced synaptic integration.

Past in vivo studies have produced conflicting data on the ways network activity might
influence single EPSP integration in distinct neocortical neurons. Some of these studies
relied on sensory (Chadderton et al., 2014; Crochet et al., 2011; Longordo et al., 2013),
electrical (Reig et al., 2015; Sachdev et al., 2004) or optogenetic stimulation (Mateo et al.,
2011), but they did not resolve the exact locations of synaptic inputs. /n vitro studies carried
out on pyramidal neurons have shown that this factor plays a role in the outcomes of synaptic
integration (Larkum and Nevian, 2008; Magee and Johnston, 2005; Major et al., 2013). Since
in vitro studies take place in the absence of natural brain activity, only inferences could be
made regarding the way network oscillations might transform the integration of input.

To study this question in vivo required solving technical problems. Two-photon glutamate
uncaging permits a location-specific control of synaptic inputs in vitro, but its use in studying
active networks in vivo is limited because of the uncaging compound directly modulating
GABA channels (Maier et al., 2005). Another powerful method that could be applied to

studies of monosynaptic yEPSP integration during network activity would be paired
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recordings in vivo. While this is probably the most physiological technique for doing so,
there are challenges to its actual use: it is technically difficult, and the low connectivity rate
of pyramidal neurons (~ 10%) result in a very low throughput (Jouhanneau et al., 2015).
Moreover, in the absence of high-resolution methods to discern very fine anatomical
structures, this technique does not normally resolve the specific locations of synaptic
connections.

Since my question could really only be approached in a living brain, the solution I found
was to combine genetic and optical approaches. I turned to Channelrhodopsin-2 (ChR2) as
an alternative to glutamate uncaging. This protein can be expressed in genetically defined
cell-types, thus avoiding a non-specific activation of inhibitory inputs, and can be rapidly
activated by two-photon light stimulation (Nikolenko et al., 2007; Packer et al., 2012;
Prakash et al., 2012). I established ChR2-expressing pyramidal neurons in mice and
performed somatic whole-cell recordings of their activity in vivo. I used subcellular two-
photon laser stimulation in a controlled, spatio-temporal manner to activate ChR2 in
carefully selected regions of the cell (soma, apical and basal dendrites). Stimulation elicited
depolarizing optogenetic potentials (OPs) that closely resembled tEPSPs. I then repeated the
measurements in mice during different brain states. I performed measurements in urethane
anesthetized animals, during the spontaneous occurrence of Up- and Downstates, and in
awake mice during periods of quite wakefulness or active forepaw movements.

Combining these experimental components in a new experimental method allowed me to
study how brain states affect neuronal dendritic-specific integration of single inputs. I found
that input from basal dendrites are normalized in amplitude during network activity, while
input from apical dendrites are decreased in amplitude leading to a compartmentalization of
synaptic processing in apical dendrites. My findings will ultimately contribute to our
understanding of how neurons perform synaptic integration in vivo.

In the following discussion, I will focus first on the development of the technique,
followed by a discussion of each set of results reported in the previous section. Finally I will
draw my findings into a plausible hypothesis that serves not only as an interpretation, but
also to suggest a number of interesting experimental and analytical directions for pursuing

this work in the future.
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4.1 In vivo ChR2 two-photon subcellular stimulation development

The discovery of ChR2 and its development as a tool for stimulating or inhibiting genetically
identified neurons in vivo with millisecond precision has revolutionized neuroscience
(Deisseroth, 2015). Together with the development of genetically expressing voltage and
calcium sensitive indicators, it has originated a new sub-field of “optogenetics”.

Recent developments have shown that two-photon microscopy can be used to perform a
spatially confined stimulation with a precision down to micrometer resolution (Packer et al.,
2012; Rickgauer and Tank, 2009; Vaziri and Emiliani, 2012; Zipfel et al., 2003). Moreover,
thanks to the two-photon effect (Paragraph 1.5.2), regions between the objective and the
target pose only small interference, thus optimizing light scattering and making the method
suitable for the stimulation of internal brain structures in vivo. I took advantage of these
findings to develop a method to stimulate single dendritic branches in vivo and mimic unitary

synaptic inputs.

4.1.1 ChR?2 expression in vivo

The first goal was to obtain a robust expression of ChR2 in pyramidal neurons of the
superficial layers 2/3 in the primary somatosensory cortex (Paragraph 3.1.2). I initially
employed a lentivirus as a viral vector, carrying the H134R variant (HR) of ChR2 fused to
GFP while using CamKIl, as transcription promoter to limit expression exclusively to
excitatory neurons (Jones et al., 1994; Liu and Jones, 1996). Lentiviral vectors produce a set
of cells which express the transfected molecule that are confined to the immediate
surroundings of the infection site (Figure 11 b); typically within this area, the majority of
cells express the protein reporters. AAV vectors have some advantages: they can be obtained
in titers of orders of magnitude higher than lentiviruses. The smaller size of the virions
generally allow AAV infections to spread more homogenously and to a much larger area
(Figure 11 d) (Aschauer et al., 2013). Thanks to the virtually absent immune reaction to these
viruses, mouse brains can be subjected to billions of AAV particles without tissue health
issues (Nathwani et al., 2011). AAVs allowed me to use stereotactic coordinates to target
roughly the somatosensory cortex during viral injection, which ensured that neurons in the
final primary somatosensory cortex (S1) target area would exhibit high levels of proteins. In
addition, the higher number of viral particles per volume injected resulted in a higher, more

rapid protein expression in the cells. During the move to AAVs, I also changed the reporter
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protein to the enhanced version of GFP: the brighter, yellowish EYFP. Despite these
improvements, the packed arrangement of pyramidal neurons in the neocortex and their
profusely branching projections made it very difficult to target and patch the somata of
expressing neurons and to identify dendrites belonging to one cell (Figure 11 a).

These issues can be overcome by the in vivo two-photon targeted electroporation of single
cells (Paragraph 3.1.1). While this technique leads to high labeling specificity, it is
technically challenging. Unfortunately, I was unable to obtain the expression levels
achievable with AAVs, and even though the DNA concentration I was using was at the limit
of its solubility in water, consistent OPs were obtained only from somatic or perisomatic
areas. In addition, the high plasmid concentration often generated an overexpression of the
fusion membrane protein that formed visible clusters along the dendrites, probably
interfering with the physiological propagation of dendritic synaptic input and compromising
the goal of the experiment. Additionally, brain tissue reaction issues (Paragraph 3.1.1),
which were almost unavoidable after the first step of electroporation and during the
expression period, made durectomy very difficult or sometimes impossible to achieve. Two-
photon visibility was often blurred and the neurons that were recorded were frequently
unhealthy. This increased the time required for the durectomy and shadowpatch to the point
that only isoflurane anesthetics could be feasibly used. Isoflurane administration can be
sustained for hours but it generates higher blood pressure than urethane, causing pulsations
in the brain, which interfere with the stability of the recordings. Even though the
electroporation throughput of about 75 % was in accordance with figures from the literature
(Judkewitz et al., 2009), the combination of problems led to a total number of successfully
patched and optically stimulated healthy neurons (~ 10 %) too low to obtain a dataset large
enough for the purposes of my study. Moreover, due to the low expression, only perisomatic
dendrites responded with OPs large enough after stimulation.

To try solve the problem of the protein clusters forming blebs on the dendrites of
expressing neurons, [ first tried a non-fused version of ChR2-EYFP that exploits the
ribosome shipping site p2A (Gradinaru et al., 2010; Osborn et al., 2005; Prakash et al., 2012)
which separately releases ChR2 as a membrane protein and EYFP in its original cytosolic
version. This completely solved the issue of cluster formation, which had likely been due to
the fact that the cell was expressing high quantities of large proteins, or perhaps to protein-
protein interactions triggered by the fused version. Another advantage of using the split
version of the ChR2-p2A-EYFP protein is that the EYFP reporter is soluble in the cytosol,

which leads to higher accumulations of fluorophore in cellular regions where the surface-
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volume ratio is low. This made somata brighter than the low volume of projections
surrounding them (Prakash et al., 2012) (Figure 11 a, c¢). As a result, the p2A versions were
highly suitable for viral infections, permitting the visualization and patching of cell soma
even in areas with high numbers of EYFP-expressing cells.

At this point I moved back to AAV as the transfection method for ChR2, using an
improved version of ChR2 called E123T/T159C (ET-TC) (Berndt et al., 2011) and the AAV
serotype 2/9, which is more suitable for cortical infections (Aschauer et al., 2013). This
increased the success rates from roughly 1 - 2 good recordings per 10 experiments to one or
more per experiment. Additionally, thanks to the improved visibility and higher number of
possible targets, I could return to urethane as the anesthesia and even perform experiments
while the animals were awake. I used the red intracellular dye (Alexa-594) to target the
dendrites of ChR2 expressing neurons. This technique worked but took 5 to 10 minutes for
the dye to diffuse to the most distal dendrites and become visible in the red channel. In the
future sparser viral infections may improve dendrite visibility and obviate the need for using
intracellular dyes.

Using an AAV and this ChR2 variant, I managed to obtain more data of a higher quality
in less time. Additionally, it was possible to elicit smaller OPs from dendritic spots of up to
40-50 pm from the soma. To increase the dendritic distance of responsiveness to light
stimulation and OP amplitudes I tried to raise expressions levels by injecting more virus, up
to 1 ul of viral solution and by prolonging expression times, up to 6 weeks. This effectively
increased protein expression but unfortunately also resulted in a positive correlation between
expression levels and the depolarization of neurons' resting potential. This in turn narrowed
the window of usable neurons that had high enough expression levels of ChR2 to obtain
distal dendritic OPs but not too high to produce a constant membrane depolarization at non-
physiological levels (Figure 12). Attempting to widen the window of usability, I tried
another ChR2 variant, T159C (TC), which ought to deliver more photocurrent. To my
positive surprise, this variant had no effect on resting potential depolarization despite
increased expression levels. Infections with AAV2/9 carrying ChR2(TC)-p2A-EYFP
delivered very reliable and strong protein expression without affecting the health of the
neurons even after 6 weeks. After 3 to 6 weeks of infection, it was possible to obtain robust
and large OPs following stimulation <30 mW on dendrites up to 150 um from the soma.

Around 90% of the dataset reported here was obtained with the TC variant and the rest
with ET-TC. The TC variant of ChR2 is known to deliver more photocurrent than the ET-
TC but the responses are weakly voltage dependent (Berndt et al., 2011). However, from
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somatic OP responses I obtained at different baseline membrane potential (Vi) values, |
noticed no difference in the impact on the Up:Down response amplitude between the two
variants (Figure 18). Moreover, the normalization of basal input amplitude was present using
multiple techniques (paired recordings, thalamic stimulation). Together I therefore conclude

that the intrinsic voltage dependence of the TC did not significantly influenced my results.

4.1.2 Two-photon scanned stimulation in vivo

As explained above (Paragraphs 1.5.2, 3.2 and Figure 14) the two-photon beam can deliver
laser light with high intensity to a very spatially defined area (Denk et al., 1990; Zipfel et
al., 2003). In control experiments on agar, the highest intensity of a stationary two-photon
laser beam can be confined on less than a single micrometer on the focal plane. From this
central point the intensity decreases quadratically in any direction. Axially the specificity is
less confined and can be up to 5 to 10-fold lower. In a non-homogeneous, organic tissue
such as the brain, light power delivery is heterogeneous at the focal plane and scattering may
interfere with spatial specificity. But for short distances of penetration (<200 um) this effect
is minimal (Packer et al., 2012; Rickgauer and Tank, 2009; Zipfel et al., 2003).

Nonetheless, this high spatial specificity is counterproductive in stimulating a single cell
or subcellular spot (Andrasfalvy et al., 2010; Nikolenko et al., 2007). A stationary beam will
activate only a small portion of the ChR2 proteins expressed on the membrane, thus
delivering only a fraction of the potential photocurrent. Moreover, even a few milliseconds
of exposure to a high-intensity, focused, steady two-photon laser may be enough to damage
the stimulated cell. Some two-photon stimulation systems overcome this issue using
temporal focusing (Andrasfalvy et al., 2010) or light sculpting (Papagiakoumou et al., 2010)
that enlarges the beam's spatial alignment and reduces the power delivered per micrometer
squared. I employed a fast scanning mode (Paragraph 2.5) (Packer et al., 2012) that moves
the light beam to stimulate sequentially nearby spots on the cell surface, achieving a quasi-
simultaneous activation of ChR2 in the area and avoiding overexposure to single focused
points.

Ultimately, the method of subcellular two-photon stimulation proved to be reliable,
reproducible and specific, generating a dataset of optogenetic potentials closely resembling
real EPSPs. ChR2 expression was also reliable and strong, without major side effects. This

should not imply that the method cannot be further improved: improved photosensitive
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opsins with faster opening kinetics can be implemented and better stimulation parameters

may be chosen to even more closely imitate the kinetics of EPSPs.

4.2 Spontaneous spiking and subthreshold activity in neocortex

Sub- and suprathreshold activities are interdependent modes by which neurons compute
information. Excitatory and inhibitory inputs drive subthreshold activity, which consists of
a continuous spatio-temporal summation, subtraction and integration of even the smallest
perturbation of the Vm. Once the threshold is reached, all this analogical continuous
fluctuation is commuted into discrete, all-or-none action potentials (AP), which are the
expression of the neuronal output (Purves, 2008). During the suprathreshold mode, large
Na" currents completely overtake Vi dynamics, leading to depolarizations that are rapid and
large, while input resistance and driving force undergo a dramatic decrease (Destexhe et al.,
2003; Waters and Helmchen, 2006).

uEPSPs between pyramidal neurons are small amplitude depolarizing potentials (about
0.5 mV as measured at the soma), which means that usually several inputs are thought to be
required to create a sum which reaches the AP threshold. Single action potentials have been
reported to perturb the network's spontaneous firing activity to the point that a single extra
spike of a neuron can increase the firing rate of its postsynaptic targets (London et al., 2010).
Such a single action potential will produce an tEPSPs in one or more postsynaptic cells,
implying that each EPSP in turn may influence a neuron's firing rate (Hausser et al., 2000).

Both the subthreshold membrane potential fluctuations and firing rate output of the neuron
can be influenced by different network activity states. During an active state, whether it is
an Upstate under anesthesia or a depolarized Vi (V4ep) phase, or a movement (Move) period
in the awake brain, the average Vm is more depolarized than in a Downstate or in
hyperpolarized (Vnyp) phases, putting it closer to the AP threshold. Consequently,
spontaneous cell firing and synaptic transmission between local pyramidal neurons happens
exclusively during these depolarized phases (Destexhe et al., 2003; Steriade, 2001).

The data here comprises anesthetized and awake recordings, somatic and dendritic
stimulations during different types of network activity. I have found no evidence of a
significant impact of an OP on the spontaneous neuronal firing rate of a pyramidal neuron
throughout my dataset (Paragraph 3.3, Figure 16). This suggests that neurons require a
synchronous, perhaps clustered excitatory input to change their output behavior (Larkum

and Nevian, 2008; Takahashi et al., 2012). Nevertheless, studying how a single isolated
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excitatory potential is integrated during subthreshold activity is of pivotal importance in
understanding the way neurons compute the multiple simultaneous inputs to which they are
normally subjected, and which are ultimately responsible for their suprathreshold activity. I

therefore decided to focus this study exclusively on subthreshold activity.

4.3 Cortical states in anesthetized and awake mice

The first part of this study, which represents the majority of the dataset, was conducted under
urethane anesthesia. This anesthetic exerts a depressive function on neuronal brain activity
by facilitating inhibitory and modulatory inputs through the potentiation of GABAAa, Glycine
and nicotinic acetylcholine receptors and by inhibiting excitatory input interfering with
AMPA and NMDA receptors activation (Hara and Harris, 2002). However, urethane has
been reported to cause only a minimal disruption of signal transmission in the neocortex
(Sceniak, 2006). In animals, anesthesia induces unconsciousness and an absence of pain and
it can replicate natural brain activities such as slow wave sleep. Urethane triggers a state that
is closer to natural sleep cycles than other anesthetics (Clement et al., 2008). Under
anesthesia, cortical neurons’ Vi undergo a bimodal distribution that can be divided in
synaptically active, depolarized Up- and synaptically quiescent, hyperpolarized Downstates
(Destexhe et al., 2003; Waters and Helmchen, 2006) (Paragraph 2.8.4, Figure 7). Comparing
how the information flow in the brain is influenced by these two modes of network activity
can help unravel the impact of synaptic activity on neurons and, ultimately, contribute to our
understanding of the functions of cortical states in the brain.

During Downstates, neurons receive virtually no spontaneous synaptic input, thus a
postsynaptic potential elicited during such a silent state is not subject to synaptic noise. In
this scenario, Downstate potentials can be taken as reference points in which the input
amplitude and kinetics are smooth and unaltered. Moreover, Downstate responses can be
related to in vitro datasets in which neurons are constantly at rest (Figure 5 a, b).
Additionally, the same Downstate responses can be directly compared to the alternating
Upstate periods, in which the active network influences synaptic input. Since in vitro studies
have provided an extensive description of the types of computations that dendrites can
potentially perform, comparisons between in vivo Down- and Upstates can help determine
which of the many forms of synaptic integration described in vitro are employed by the brain

under more natural conditions (Stuart and Spruston, 2015).

99



DISCUSSION

A subset of mice was trained so that awake recordings could be made while their heads
were restrained. All such recordings were performed on the forepaw S1 cortex while
monitoring spontaneous movements of the contralateral forepaw (Paragraph 2.6). During
quiet wakefulness, neuronal V, exhibited slow, large fluctuations of amplitude (Crochet and
Petersen, 2006; Poulet and Petersen, 2008). While these Vi, oscillations were faster than
those which occurred during anesthesia, they can nonetheless be cleanly divided into periods
of hyperpolarized Vi (Vnyp) that are comparable to Downstates, and depolarized periods
(Vaep) resembling Upstates (Figure 5 b, ¢, and Figure 25 b). During paw movements, large
fluctuations in neuronal Vi, ceased, showing an average depolarized Vi, that lay somewhere
between Viyp and Vyep (Figure 5 b and Figure 28 a). These periods of movement (Move)
were analyzed separately and compared to the other two resting periods (Figure 28).

Findings from the optogenetic stimulation dataset under anesthesia were partially
replicated by those found in awake mice (Paragraph 3.8). Awake single cell recordings are
more difficult to obtain, so here I used them to validate the larger anesthetized dataset and
exclude the possibility that state-dependent modulations were an artifact of anesthesia.
Moreover, comparing the resting and movement periods, I obtained insights into the effects

of an active brain state on synaptic integration.

4.4 Somatic optogenetic stimulation

Two-photon optogenetic stimulations were delivered to the soma (somaOP) using a scanning
spiral path as described (Paragraphs 2.5, 3.5, Figure 17 a - ¢). Pyramidal neurons do not
receive excitatory input directly to their soma (DeFelipe and Farifias, 1992) but dendritic
input to branches very close to the soma (< 5 um) could be strongly influenced by the somatic
Vi (Williams, 2004) and might be functionally considered as somatic input. Somatic
stimulation served to carry out two functions: to establish the degree of responsiveness that
recorded ChR2-expressing neurons exhibited to light, and to provide a baseline for the state-
dependent modulation of OPs. Moreover, because recording and stimulation sites were
extremely close, it was possible to measure carefully the relationship between somaOP
amplitude and the Vi, by clamping the somatic Vi, with current injections while applying
somatic light stimulations (Paragraph 3.9.1). Somatic stimulations reliably triggered
depolarizing somaOPs whose onset latency was fast (~ 0.5 ms), indicating that these were
direct responses to the optical stimulation, and their kinetics were similar to those evoked by

excitatory synaptic input.
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Since every neuron of the dataset was recorded by somatic whole-cell patch clamp, the
OPs evoked on the soma are the nearest to the neuronal Vi, recording site. Therefore,
amplitude and kinetics of somaOP are strictly dependent on the kinetics of ChR2 activation
and the response properties of the neuronal membrane. By analyzing the state-dependent
modulation of somaOPs, it is possible to define the basic voltage-dependent features of a given
depolarizing potential.

Measurements of single dendritic stimulations also took place at the soma, rather than at
the position in the dendrite where they originated. The cable properties of dendrites are
clearly very different to that at the soma (Cuntz et al., 2014; Rall, 1967; Rall and Rinzel,
1973), however it is technically currently not possible to measure the optogenetic potential
at its dendritic origin in vivo, before it undergoes transformations and integration that occur
along the dendritic path toward the soma. Here data from in vitro studies can provide some
insights on the amplitude of input strength. Simultaneous somatic and dendritic recordings
have shown that dendritic potentials caused by EPSPs can be an order of magnitude higher
in amplitude than when recorded at the soma (Nevian et al., 2007; Spruston, 2008; Williams
and Stuart, 2002). To imitate this level, I produced somaOPs up to ~4 mV in amplitude (Figure
17 d, f and Figure 21 b) as an attempt to cover the range of possible dendritic potentials and
determine whether large depolarizations are modulated differently than smaller ones.
Overall, somatic stimulation provided a tool to measure the impact of changing Vi on the

activation of ChR2.

4.5 Dendritically evoked optogenetic potentials

As explained above (Paragraphs 1.5.2, 3.6) ChR2 is not a natural physiological channel
found in mammalian neurons. However, the depolarization it produces has features that are
similar to the activation of glutamatergic channels at synaptic connections (Jouhanneau et
al., 2015). By tuning the power and exposure time of the two-photon light for dendritic
stimulation, I produced excitatory depolarizing OPs whose amplitude and kinetics were
similar to those of WEPSPs (compare Figure 20 to Figure 24). In an attempt to reproduce the
wide distribution of physiological excitatory synaptic inputs in L.2/3 pyramidal neurons
(DeFelipe and Farifias, 1992; Feldmeyer et al., 2006, 2002), I targeted non-perisomatic,
spiny dendritic branches at distances ranging from 15 to 140 pm from the soma, in both

apical and basal dendrites (Figure 19 and Figure 22).
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Dendritic two-photon stimulations were delivered in a scanned squared zigzag pattern
centered on the dendritic shaft (Paragraph 2.5). In pyramidal neurons, synaptic excitatory
input arrives predominantly, but not exclusively on dendritic spines that emerge from this
shaft (DeFelipe and Farinas, 1992). Ultimately the EPSP is the result of the activation of
thousands of glutamatergic channels (AMPA and NMDA) present on the spines and on the
shaft (Feldmeyer et al., 2006). On spines, the depolarizing potential is gathered, integrated
and delivered to the shaft through the spine's neck. Within the shaft, a single potential evoked
by a synaptic input is added to, and integrated with those flowing in from activated synapses
on other spines and on the shaft itself. Each unitary, single axon evoked, EPSP (LEPSP) —
the potential produced by the activity of a single presynaptic excitatory neuron — is thus a
combined input determined by the activation of at least one synapse, or multiple synapses
which may lie near each other or not (DeFelipe and Farifias, 1992; Feldmeyer et al., 2006;
Markram et al., 1997). The (EPSP is therefore determined by the spatiotemporal sum in a
shaft segment, comprising the contribution of each neighboring synapse and on the soma as
the sum of non-neighboring synapses.

Synaptic connections between two pyramidal neurons typically have ~ 4 synaptic contact
points (Feldmeyer et al., 2006) that are distributed around different basal dendrites. However
some researchers suggest that pyramidal neurons receive clusters of inputs, which arrive at
single dendritic segments from their presynaptic terminals, likely to be caused by the
synchronous firing of the same assembly of multiple presynaptic neurons (Takahashi et al.,
2012). This produces an EPSP which is combined locally at the spatially defined dendritic
shaft segment where they arrive. Studies of thalamo-cortical connectivity, however have
shown that afferent sensory inputs carrying specific types of somatosensory (Jia et al., 2010;
Varga et al., 2011) or auditory (Chen et al., 2011) information may be widely dispersed over
a dendritic tree and do not converge on single dendrites.

Here I have simulated a EPSPs arising from a single synaptic input or cluster of inputs,
by optically eliciting potentials in a single, confined dendritic segment, consisting of both
shaft and spines. It will be necessary to study how such single .EPSPs are handled and
integrated before one can consider expanding this work in a future study, which would be
more complicated. Ultimately, we would like to know how the cell integrates and computes
input arriving from multiple shafts simultaneously, even in different regions of the neuron.
That would not be possible without first understanding the contributions of single shafts. In
the future progress in optical two-photon stimulation may allow fast simultaneous patterned

stimulation of different dendritic segments (Emiliani et al., 2015).
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4.5.1 Influence of distance from the soma on dendritic OP kinetics

The distance of a synaptic input from the soma has an effect on somatic response kinetics;
here I discuss what my data reveals about this influence of distance from the soma on
integration properties of apical and basal inputs in the Downstate.

Despite minor differences in stimulation power and expression of the ChR2, there was no
correlation between the somatic amplitude of dendritically elicited OPs and the distance of
stimulation from the soma across the entire dataset (Paragraph 3.6, Figure 19 a, b).

In pyramidal neurons dendritic recordings have shown that inputs more distal from the
soma are larger in amplitude than more proximal ones (Nevian et al., 2007; Williams and
Stuart, 2002). In hippocampal neurons this acts to normalize the somatic impact of a
dendritic input so that inputs have similar amplitude (Magee and Cook, 2000), in contrast a
somatic normalization is not present in cortical neurons (Williams and Stuart, 2002).

Even if synapses at widely different distances within the dendritic arbor were to produce
the same level of local potential, a distant-dependent reduction of the somatic potential
would occur due to intrinsic cable properties because more distant synapses are located on
thinner dendritic branches — whose diameter shrinks toward the outer terminal. This
increases the surface-volume ratio and with its electric impedance, which creates a boosting
effect on the local potential amplitude (Cuntz et al., 2014; Jaffe and Carnevale, 1999;
Nicholson et al., 2006; Rall, 1967; Rall and Rinzel, 1973; Spruston, 2009, 2008). This means
that at dendritic locations further from the soma, the local potential amplitude is boosted
relative to sites closer to the soma, provided the level of input is identical. As they propagate
toward the soma, these large amplitude potentials face the increasing diameter of the shaft
and thus a constant decrease of impedance, which also experiences sudden drops at each
node at which the dendrites bifurcates (Rall and Rinzel, 1973). Additionally, the charge
constantly leaks due to the conductance of the membrane; the farther the distance of the
synaptic input from the soma, the more charge will be leaked (Spruston, 2009). Thus, this
filtering produces a distant-dependent reduction of the somatically recorded EPSP
amplitudes (Nevian et al., 2007; Williams and Stuart, 2002). Direct recordings from basal
dendrites of LS pyramidal neurons showed that at medium-short distances (30—150 um), the
opposing effects caused by high dendritic impedance and its decrease toward the soma
compensate equally each other. The dendritic amplitudes are therefore normalized in a

location dependent manner, resulting in a somatic amplitude that is homogeneous across
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such medium-short distances (Nevian et al., 2007). This is in line with the basal dendritic
stimulations data reported here (Paragraph 3.6, Figure 19 a, b).

The latencies of OP responses exhibited a linear correlation to the distance from the soma.
I calculated the average OP propagation velocity by subtracting somatic response latencies
from the dendritic latencies and dividing the distances of stimulations by these values
(Paragraph 3.6, Figure 19 ¢, d). The resulting velocities are in the normal range of EPSP
propagation velocities for the dendrites of mammalian neurons (tens to hundreds of
millimeters per second) (Agmon-Snir and Segev, 1993). In L5 pyramidal neurons Nevian et
al., 2007 found velocities five times faster than those presented here. This discrepancy may
be due to fact that dendrites in L.2/3 cells are smaller. The average propagation velocity
attained when apical dendrites were stimulated was slightly faster than that of basal OPs,
presumably because apical dendrites tend to have a larger average diameter than basal
dendrites and therefore lower axial impedance. These dendritic-specific differences have
also been reported for L5 neurons (Nevian et al., 2007; Williams and Stuart, 2002).
Nonetheless, propagation velocities are not constant along the dendrites; they are slowed by
higher transmembrane conductance and axial impedance. This means that the potentials on
distant dendrites start slow and accelerate toward the soma, where they encounter less axial
impedance (Agmon-Snir and Segev, 1993; Nevian et al., 2007).

The kinetics parameters of dendritic OPs (rise, peak, decay times and half width) were all
significantly longer as the distance of generation from the soma increases, in both apical and
basal dendrites (Figure 19 e - I). Distant dendrites tend to have smaller diameters with a
higher input resistance and longer time constants. Thus, the smaller the dendrite, the larger
and longer the local potential (Jaffe and Carnevale, 1999; Rall, 1967; Spruston, 2009, 2008;
Williams, 2004). Moreover, the filtering that takes place while propagating toward the soma
— due to decreasing axial impedance — mainly decreases the amplitude of the potential while
the time constant is only minimally affected (Spruston, 2009). Because somatic time course
of yEPSPs has been demonstrated to be an accurate predictor of synapse location (Redman
and Walmsley, 1983), prolonged kinetics can be seen as a footprint of large local potentials,
which are generated in distant dendrites (Williams and Stuart, 2002).

While, the range and distance dependency of amplitudes in Downstate OPs resemble data
of spontaneous EPSPs and dendritic current injection to mimic EPSPs in cortical slice
studies (Larkum et al., 2007; Nevian et al., 2007; Williams and Stuart, 2002), the kinetics of
OPs were slightly longer than EPSPs in the Downstate, with an average peak time around

14 ms in comparison to 9 ms for glutamatergic inputs (compare Paragraph 3.6, Figure 20 b,
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g to Figure 24 c) (Jouhanneau et al., 2015). Nevertheless, because the potentials in this study
were generated with relatively low frequencies (3 Hz) and I did not investigate how OPs are
directly integrated using multiple simultaneous stimuli, the slightly longer values for the

kinetics should not interfere with the interpretation of the data.

4.6 State-dependent modulation of somatic OPs

I applied two-photon stimulations until enough OPs were collected to compare Up- and
Downstates (Paragraph 3.5). A subset of the recordings were made while mice were awake,
this allowed me to compare Up- and Downstates from anesthesia with periods of Vdep, Vhyp
during quiet wakefulness and with periods of movement (Paragraph 3.8.1). When comparing
somatic responses to Up- and Downstate with Vgep and Viyp in awake, I consistently found
a reduction of the amplitude and a prolongation of the half width and decay time of the
somaOP with membrane V, depolarization (Figure 17 and Figure 25). Regardless of the
Downstate or Vqep amplitude, the ratio of the Up:Down or Vgep: Viyp amplitude was always
decreased by the same amount (~ 0.8) (Figure 21 a - ¢). This reduction was directly related
to the depolarization in Upstate or Vqep. Given the reduction in driving force that occurs
while depolarizing towards the ChR2(TC) reversal (~ 0 mV (Berndt et al., 2011)), and
calculating the expected amplitude at Upstate or Vaep Vi values for any given Downstate or
Vhyp somaOP (Equation 1), this meant that there was no difference between the expected and
measured amplitude of Upstate or Vep somaOP. Furthermore, by holding the Downstate Vi,
at Upstate values (Isopotential) with somatic current injections, and generating somaOPs
during Down, Upstate and Isopotential, I did not find any difference between the expected
Upstate and Isopotential and measured Upstate OP amplitude values (Paragraph 3.9.1,
Figure 29). This means that the reduction of somaOP amplitudes in Upstates is mainly caused
by a reduction of the driving force in the Upstate. Additionally, the driving force effect seems
to remain constant throughout the wide range of distribution in amplitudes of the somatic
stimulations (0.2 to 4 mV). It appears to have no detectable, additional effects on large
depolarizations, where the OP itself might be large enough to induce a saturation effect in
the driving force.

In the same way as for the amplitude reduction, the prolongation of somaOP kinetics during
Upstate are directly linked to the Vi, difference between the states. The half width is identical
in the Upstate and Isopotential, both of which are longer than the Downstate somatic

response. Synaptic input intensifies during active depolarized states and this leads to an

105



DISCUSSION

increase of the total leakage conductance in most neurons. However, L.2/3 pyramidal neurons
of the somatosensory cortex have been reported to show the opposite behavior, in which the
input resistance increases during Upstates (Mateo et al., 2011; Waters and Helmchen, 2006).
This means that the increase in synaptic input is counteracted and completely reversed due
to the effects of other ionic channels on total membrane conductance. This effect is probably
due to anomalous rectification (Waters and Helmchen, 2006) and can be clearly seen in the
data reported here (Paragraph 3.9.2, Figure 30). Therefore slower kinetics during Upstates
are likely due to an increase in somatic input resistance.

The combination of driving force reduction and the increase in input resistance during
depolarized Upstates seems to have a compensatory effect on the total charge transmitted by
OPs. Calculating the area under the somaOP curves shows that there is no difference in total
charge between Down- and Upstate and during awake Vuyp and Vqep (Paragraph 3.9.3, Figure
31 a, e). The reasons why other cortical cells do not show this compensatory effect are not
yet clear (Cossart et al., 2003; Haider, 2006; Hasenstaub et al., 2007) but would be important

to investigate in future experiments.

4.7 State-dependent modulation of dendritic OPs

In this study the discrimination between the Up- and Downstate is obtained from the values
of the somatic Vm. Although, somatic Vi, values do not strictly represent their dendritic
counterparts, oscillations in dendritic and somatic Vi, are thought to be synchronized
(Waters and Helmchen, 2004). To decrease as much as possible the likelihood of mismatches
between Vi states in the soma and dendrites, I considered only periods in which the somatic
Down- or Upstate appeared to have been completely established, excluding transition
periods in which they rose, fell, or became unstable (Paragraph 2.8.4, Figure 7 a - ¢). Here
the maximum distance of dendritic stimulation was 140 pum from the soma and somatic
latencies were never > 3 ms (Figure 19 c, d) (values a thousand times faster than the Vi, state
oscillations). Therefore, it is probably safe to assume that an Upstate in the soma is correlated
with an Upstate in the dendrite. However, it will be necessary to conduct recordings directly
from dendrites and soma during network activity to confirm this hypothesis.

The membranes of the soma and dendrites have different passive and active properties
(Cuntz et al., 2014; Rall, 1967). Thinner dendrites have a higher impedance and lower
capacitance than the large somatic compartment that may differentially modulate the

amplitude of synaptic inputs. Moreover, the expression of voltage-dependent currents is not
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homogenous across the dendritic tree and this shapes the magnitude and kinetics of synaptic
potentials (Larkum and Nevian, 2008; Spruston, 2009, 2008). Additionally, during different
states, dendritic OPs will be affected by other excitatory, inhibitory and modulatory inputs
that arrive along their dendritic path toward the soma (Lee and Dan, 2012). Thus, the effect
of Upstates on OPs may be different in dendrites than in the soma. Nevertheless, the features
of somatic responses will participate in the modulation of dendritic-elicited OPs at the
somatic level, where they are integrated with all the other synaptic inputs the neuron is
receiving and ultimately participate in the firing output.

As described above, somatic stimulations were modulated by the Upstate in a coherent
and amplitude-independent manner across the dataset, allowing me to isolate two main
factors that influence the shape of response: the decreasing driving force that reduces
amplitude and the increasing input resistance that prolongs kinetics during depolarized
Upstates. The driving force also plays a role at the dendritic stimulation site because, even
at different magnitudes, the dendritic Vi, can be considered mostly correlated to the soma.
Thus, the amplitude of local potentials in Upstates should also be decreased by the same
somatic ratio for amplitudes up to 4—-5 mV. This effect could be amplified by the magnitude
of the response potential itself, which in distal dendrites may reach 20-30 mV (Jaffe and
Carnevale, 1999; Nicholson et al., 2006; Spruston, 2008). This causes a saturation effect for
the driving force in Upstates that could contribute to increases in the Up:Down amplitude
ratio. Because somatic stimulations did not reveal that this effect was dependent on
amplitude, I do not have direct indication that this happens in dendrites.

Any given potential change across the membrane is, in principle, instantaneous across the
whole membrane (in electrical terms) and thus the driving force, input resistance and other
characteristics will be active at any given location. The changes that are imposed on the
waveform are dependent on the axial diameter and the expression of channels along the
dendrite, which produce different waveform distortions at the point of measurement.
Therefore, both the driving force and the input resistance will shape the kinetics of the
response along the whole cell body. While the driving force strictly depends on the
conductive properties of the channel that is activated and on the Vi, at the stimulation site,
input resistance depends on membrane properties — particularly the composition of open
conductances expressed along the length of the dendrite.

Despite the fact that conductance in L2/3 pyramidal neurons is quite homogeneous over
the short range in dendrites (Larkum et al., 2007), input resistance in these cells is dominated

by an anomalous rectification effect that counteracts the open conductances and increases
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resistance in Upstates (Mateo et al., 2011; Waters and Helmchen, 2006). Several voltage-
dependent ion channels may contribute to anomalous rectification. Typically, inward-
rectifying K" currents (Kir) are responsible at hyperpolarized voltages (Nisenbaum and
Wilson, 1995; Sutor and Zieglginsberger, 1987) while in the depolarizing direction, inward
Na® and Ca?" currents have also been implicated (Stafstrom et al., 1985; Sutor and
Zieglgénsberger, 1987). Here 1 have used QX-314 to block anomalous rectification,
potentially affecting any of these channels. Since, I do not know the distribution of the
putative channel responsible for the effects, the increase of input resistance in the Upstate
that is registered at the soma might be completely unrepresentative of conditions in the
dendritic shaft. In spite of this, the OP elicited in dendrites is also affected by somatic
response features, and an increase in somatic input resistance will influence its kinetics at
the soma.

As detailed above, dendritic responses upon optical stimulation were compared in two
main subcellular compartments: apical and basal dendrites. I first address the responses of

apical dendrites.

4.7.1 Modulation of input to apical dendrites

The mean amplitude of an OP evoked by apical stimulation was smaller in Upstates than
Downstates. The reduction in amplitude was proportionally greater than the reduction at the
soma, and was stronger than expected compared to calculations of the reduction of the
driving force for the Up:Downstate Vi, difference registered at the soma (measured ratio 0.6,
expected ratio 0.8) (Paragraph 3.6.1, Figure 20 a - e). Moreover, this apical reduction of the
amplitude in Upstates increased linearly in proportion to the distance of the point of
stimulation from the soma (Paragraph 3.6.3, Figure 22 a).

In contrast, dendritic OP kinetics (averaged half width) did not differ between Up- and
Downstates (Figure 20 b, e). This also diverges from the constant increase of the averaged
half width of Upstates registered in somatic somaOP. Despite the fact that during Upstates,
the half width of OPs generated in apical dendrites (apicalOP) 1s more reduced than in those
generated in somata, the reduction was proportionally related to that of the amplitude, and
thus the reduction in Upstates is mainly a result of a reduction in amplitude and was not
present in normalized apicalOPs (Paragraph 3.6.3).

In recordings made in awake mice during quiet periods, apicalOPs as well as somaOPs

underwent a modulation during Vaep compared to Viyp that was similar to the difference
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between Up- versus Downstates in anesthetized animals. However, Vdep:Vhyp apicalOP
amplitude ratio showed a greater reduction than expected, beyond the effects of the driving
force (Paragraph 3.8.2, Figure 26 a - d). Moreover, there was a stronger attenuation of
Viep: Viyp amplitude compared to Up:Down ratio.

Unexpectedly the amplitude of apicalOPs was increased during movement (Move)
compared to Vgep. Indeed, the averaged apical response during Move phases differed
significantly from the Vgep, reaching levels that were indistinguishable from the amplitudes
of Viyp OPs (Paragraph 3.8.4, Figure 28 e - g). Moreover, the kinetics were prolonged further
during the Move phase, even in comparison to the Vpy, response, resulting in a significant
increase of the total charge (Paragraph 3.9.3, Figure 31 f).

What could account for the differences between Upstate modulations in apical dendrites?

4.7.1.1 Mechanisms mediating the state-dependent modulation of synaptic input to apical

dendrites

Here I will outline mechanisms that might be responsible for the modulations, which
specifically appear in apical dendrites during Upstates and cause a distance-dependent
decrease in amplitudes without affecting the kinetics of a response.

Assuming that Vi, is correlated between the cell body and dendrites during Up- and
Downstates (Waters and Helmchen, 2004) the Up:Downstate ratio of the driving force is
expected to be similar on the soma and across the dendritic tree. In pyramidal neurons,
however, the somatic amplitude has been reported to be location independent (Magee, 1999),
due to a distance-dependent increase of local potential amplitudes (Larkum et al., 2007;
Nevian et al., 2007; Nicholson et al., 2006; Spruston, 2008; Williams and Stuart, 2002). In
apical dendrites of hippocampal neurons, the cause of this effect has been shown to involve
not only the passive properties of dendrites but also a distance-dependent increase of
synaptic strength along the dendrite (Magee and Cook, 2000; Nicholson et al., 2006). This
increase of local synaptic currents in distal apical dendrites may produce a saturation of the
local driving force during Upstates, which might explain why amplitudes fall in proportion
to distance. However, additional factors may contribute to distance-dependent decreasing of
amplitude, including an even distribution of leaking conductances along the apical dendritic
tree, perhaps due to a Ki;channel, which opens during depolarized Vi, (Sanders et al., 2013).

Multicellular mechanisms might also be involved; inhibitory synapses along dendrites

could produce a shunting inhibition during Upstates. During Upstates and Vep, pyramidal
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neurons receive a high number synaptic inputs along the dendrites and the soma from
inhibitory GABAergic interneurons (Jiang et al., 2013; Petersen and Crochet, 2013). These
inputs are mediated by the opening of GABAA chloride channels, which result in IPSPs,
negative potentials that hyperpolarize the V. An IPSP produces both a shunting effect, that
has a divisive inhibitory outcome on the charge of EPSPs and a negative potential that has a
subtractive effect (Blomfield, 1974). The GABAAa reversal potential is very close to the
resting potential of pyramidal neurons (-65 —-70 mV), so in Downstates or Viyp the opening
of such CI" currents has a purely shunting effect on EPSPs. In Upstates and Vep (at Viest~ -
55 —-45 mV), however, it will produce a hyperpolarizing potential whose effects on EPSPs
are also subtractive. So during an Upstate, the opening of CI” channels along the OP's path
to the soma will produce both a local reduction in input resistance (shunting) that shortens
the kinetics, and a subtraction of potential (IPSP) that decreases the amplitude.

While the inhibitory synapses of most interneurons link to pyramidal cells in axo-somatic
regions, a subpopulation of somatostatin interneurons (SST) called Martinotti cells, found
in upper cortical layers, exhibit a particular pattern of projection and innervate the apical
dendritic tufts of L5 and L2/3 pyramidal neurons (Jiang et al., 2013; McGarry, 2010;
Murayama et al., 2009; Wang et al., 2004). This means that Martinotti cells could play a role
in modulating the way OPs in apical dendrites are integrated in different ways in different
states. Moreover during movement when most of the excitatory and inhibitory neurons
increase their firing rates, the Layer 2/3 somatostatin interneurons go from relatively high
rates during quiet periods to a low rate during movement (Gentet et al., 2012; Mufioz et al.,
2017). By increasing their inhibitory action along apical dendrites during Ve periods,
Martinotti cells could have a divisive or subtractive effect on the total charge transmitted by
apicalOPs, and this might enhance the compartmentalization of the apical tuft during
depolarized states. On the other hand, during active movements, the silencing of these SST
interneurons would reduce the inhibition on the apical compartment, and boost the amplitude
of inputs arriving at the soma. Nevertheless, the firing rate of SST neurons is relatively low
under anesthesia even during network activity (Pala and Petersen, 2015). So it is unclear
whether this mechanism could fully explain the reduction of apical amplitudes during
Upstates. Future experiments using selective SST optogenetic manipulation and recordings
will help resolve this issue.

In summary, a voltage-dependent leakage of current combined with a distance-dependent

saturation of the driving force might account for the attenuation of apicalOPs in Upstates. This
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reduction might be enhanced during awake V4ep periods by an increase in the activity of SST

neurons.

4.7.2 Gain modulation of synaptic input to basal dendrites

A central result of this study is the gain modulation of basal inputs caused by the
amplification and broadening of small-amplitude basally elicited OPs (asaiOP) and a
reduction of larger vasalOPs during Upstates (Paragraph 3.6.2, Figure 21 g - i). This effect
was also observed for glutamatergic inputs from VPM (Paragraph 3.7.1, Figure 23 b, f) and
monosynaptic yEPSP from neighboring pyramidal neurons (Paragraph 3.7.2, Figure 24 b, f),
both of which are thought to target the basal dendrites of layer 2/3 neurons.

In contrast to the effects of stimulations on apical dendrites and the soma, the averaged
amplitude response of OPs generated in the basal compartment exhibited no significant
differences between Upstates and Downstates (Paragraph 3.6.1, Figure 20 g, 1). On the other
hand, the kinetics of vasalOPs were significantly prolonged in Upstates compared to somaOPs
(Figure 20 j). While the average total charge of somaOPs (integral) did not differ between the
states, Upstates basalOPs exhibited a larger integral than in Downstates (Paragraph 3.9.3,
Figure 31 ¢). However, there was a high variance in pasatOP Up:Down amplitude ratios across
the dataset (spanning from ~ 0.4 to 2.5) (Figure 21 h), higher than that observed for somaOPs,
which was quite constant (~ 0.8) (Figure 21 b). This was also higher than the variance seen
in apicalOP (from ~ 0.01 to 1.2) (Figure 21 e). The variance of modulation was not
significantly correlated with the distances of stimulations from the soma. In opposition to
apical OP, however, vasalOP Upstate tended to be increased as the distance of their generation
from the soma increased (Paragraph 3.6.3, Figure 22 b).

Plotting the amplitude of responses in Downstate versus Upstate revealed that smaller
Downstate pasalOPs were increased in Upstate while larger amplitudes were decreased. The
point at which a significant linear regression crossed the Up:Down amplitude ratio unity
(ratio = 1) gave a Downstate amplitude value of 0.4 mV. I used this value as a way to divide
“large” > 0.4 mV from “small” < 0.4 mV responses. Plots of Up:Down as a function of the
Downstate amplitudes showed significant correlation, for which the best fit was a single
exponential curve (Paragraph 3.6.2, Figure 21 h). This corresponded to a significant linear
correlation between the logarithm of Downstate amplitudes and the Up:Down ratios (Figure

21 h inset). Additionally, directly comparing the Up:Down amplitude ratios of large and
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small inputs groups showed a significant difference (Figure 21 i). This effect may be
considered as a gain modulation of synaptic input during Upstates.

The average total charge of pasaOPs in Upstates was larger than in Downstates.
Additionally, plotting the integral of response ratios as a function of Downstate integrals led
to an exponential correlation that was stronger than the correlation for Up:Down amplitudes.
Indeed, the smallest inputs were increased in the Upstate to a level where, the charge that
was ultimately transmitted was up to 15 times larger than when the same light stimulus was
administered in Downstate (Paragraph 3.9.3, Figure 31 d). This magnitude-dependent gain
modulation was also observed in awake recordings, comparing Vdep or Move phases to Viyp
periods (Figure 31 h). This suggests that such a gain modulation contributes to the
integration of inputs during physiological signal computation in awake animals.

The basal dendritic compartment of L2/3 pyramidal neurons in the somatosensory cortex
is targeted by excitatory synapses from neighboring pyramidal neurons sitting in the same
layer (Feldmeyer et al., 2006), from spiny stellate cells in L4 (Feldmeyer et al., 2002) and
from L5 pyramidal cells (Lefort et al., 2009); it also receives direct and indirect feedforward
input from the thalamic VPM nucleus (Oberlaender et al., 2012). Connectivity data from
other two projects in our laboratory permitted me to compare the pasaiOPs with real JEPSPs
and thalamic input. One project concerned local pyramid-to-pyramid single synaptic
connections (Jouhanneau et al., 2015). The other involved optogenetic stimulation of the
VPM, during recordings of L2/3 pyramid cells (Jouhanneau et al., 2014).There were striking
similarities between the pasalOPs with real yEPSPs from local pyramid connectivity. While in
the two datasets the responses exhibited minor differences in kinetics, the range of the
amplitudes and the variability in Up:Down amplitude ratios were similar (compare Figure
20 b, g and Figure 21 h to Figure 24 b, ¢ and f). Plots of (EPSPs Up:Down ratios as a function
of the Downstate amplitudes showed a similar correlation, for which the best fit was also a
single exponential curve (Paragraph 3.7.2, Figure 24 f). This corresponded to a significant
linear correlation between the logarithm of Downstate amplitudes and the Up:Down ratios.
Additionally, splitting the dataset into large and small responses in Downstates, and
comparing the Up:Down response ratios, revealed a significant differences between the two
groups, also for ;EPSPs.

Several conclusions can be drawn between these correlations between OPs and (EPSPs.
First, they confirm that the use of two-photon ChR2 dendritic stimulation is a reliable and
coherent method to mimic EPSPs effectively in a controlled spatiotemporal manner.

Secondly, the technique permits an isolation of the contribution of postsynaptic mechanisms
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from possible presynaptic and di-synaptic contributions that are involved in \EPSPs or VPM
input and might participate in state-dependent modulations. The fact that there is an
impressive similarity in the distribution of ratios for magnitude-dependent amplitudes
between OPs and (EPSPs suggests that state-dependent normalization is achieved through
an entirely post-synaptic mechanism.

With regard to the VPM stimulations, it is much harder to define the mechanism
underlying state depend input modulation. Optically stimulating ChR2-expressing neurons
in the VPM nucleus or directly stimulating their projections into L2/3 activates an entire
network. Generally, we should assume that sensory input in the brain is probably achieved
through the activation of a network of neurons that deliver EPSPs to the postsynaptic cell,
rather than through single excitatory synapses. The synapses of VPM cortical excitatory
projections connect mostly with cells in L4 and to a lesser extent in L3 (Oberlaender et al.,
2012). In turn, L4 spiny stellate cells mostly extend excitatory projections into L2/3 but not
L1 (Feldmeyer et al., 2002). This means that the VPM network activation probably affects
a L2/3 pyramidal neuron mostly through its basal dendrites. This activation produces a wave
of EPSPs which appear on the soma as a single depolarizing potential; during Upstates it is
followed by an inhibitory wave of IPSPs, because same excitatory network recruits
inhibitory interneurons (Jouhanneau et al., 2014). This allows us to consider the extent to
which our findings about the brain state modulation of single \EPSP amplitudes can be
extended to clusters of EPSPs, at least up to the late phase of the response. In fact, we found
that excitatory thalamic inputs into L2/3 neurons also exhibit a normalization during
Upstates, whereby there is a reduction in amplitude of large inputs and an increase of small
inputs (Paragraph 3.7.1, Figure 23 b, f). Thus, the input from a network of neurons carrying
somatosensory information to the cortex and to the basal compartment of L2/3 pyramidal
neurons also undergoes a normalization of inputs during Upstates. The location of the divide
in amplitude magnitudes seems to be different: for ;EPSPs and OPs it was around 0.3-0.4
mV, while for multiple VPM connections it may be around 1 mV, however further data is
needed. Other features including differences in number of synaptic inputs and a magnitude-
dependent recruitment of inhibitory networks (Reig et al., 2015) may play a role in the
amplification of VPM inputs. However based on similar findings in EPSPs and OPs, |
hypothesize that similar postsynaptic mechanisms account for the normalization of VPM

thalamic and basal cortical inputs during network activity.
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4.7.2.1 Postsynaptic mechanisms mediating the state-dependent gain modulation of

synaptic input to basal dendrites

Various active properties of dendrites may be involved in the way the state-dependent
modulation affects the integration of stimuli by the basal dendrites of L2/3 neurons (Larkum
and Nevian, 2008; Spruston, 2009). At more depolarized potentials an increase in basal OP
amplitude and the broadening of the half width, resembles the voltage dependency seen in
evoked and dendritically simulated EPSPs in cortical slice experiments during somatic
depolarization (Andreasen and Lambert, 1999; Deisz et al., 1991; Markram et al., 1997;
Stuart and Sakmann, 1995). Since the main intracellular difference between the states is the
mean Vp, voltage-dependent channels may be involved.

A surprising feature of L2/3 neurons is the counterintuitive decrease in conductance
during Upstates linked to anomalous rectification, which is dependent on voltage-dependent
currents. Applying the intracellular drug QX-314 (QX) abolishes this effect (Waters and
Helmchen, 2006). Mechanistically, QX mainly blocks voltage-gated channels selective for
sodium (Strichartz, 1973), but it also affects potassium (Perkins and Wong, 1995) and
calcium channels (Talbot and Sayer, 1996). This blockage of active properties of neural
membranes makes them behave more like passive cables.

Anomalous rectification has been linked to voltage-gated sodium channel that produces
an inward current during depolarization (Stafstrom et al., 1985; Sutor and Zieglgénsberger,
1987). Injecting a constant negative or positive current during the spontaneous alternation
of the states shows that the Vi, affects input resistance more than other features of the Upstate
(Paragraph 3.9.2, Figure 30). Applying QX to the intracellular solution abolished the
increase of input resistance (IR) in depolarized states (Paragraph 3.9.4, Figure 32 d - f).
Nonetheless, a comparison of the IR of cells in control and with QX clearly shows that the
drug predominantly affects the Downstate, whose average IR values double under QX
(compare Figure 32 b, ¢ to e, f). As a result, rather than stating that QX-314 abolishes the
increase of input resistance in Upstates, it is more correct to say that it blocks the decrease
of IR in Downstates.

The modulation of basal inputs was different in QX-filled cells. Upstate responses were
decreased in amplitude compared to Downstates, to a degree that reflected the difference
between the driving forces of the two states (Figure 33 b, ¢, €). Moreover, the distribution of
amplitude ratios displayed less variation, resembling somatic or apical responses in non-QX

recordings (Figure 33 h). Additionally, the amplitude showed no magnitude-dependent
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modulation, and the subgroup of small Downstate inputs (< 0.4 mV) responded differently
than the same basal subgroup in non-treated cells, in a way that resembled small apical inputs
(Figure 33 h, 1 and Figure 34). In Upstates the kinetics were not prolonged, with a half width
significantly shorter than in Downstates. Nevertheless, the drug prolongs the average half
width in Downstates (~ 30 ms) compared to the control in basal dendrites (~ 20 ms), while
the Upstates kinetics remain unaltered (~ 25 ms) (Figure 33 c, f)). As was the case for the
IR, QX affects the Downstate phase more, suggesting that the increase in IR in the Upstate
is responsible for the prolongation of kinetics. Overall, during QX application the pasaOP
response resembles a scaled-down version of the Downstate, with the driving force reduction
leading to a reduction in amplitudes, and shortened kinetics, suggesting that QX-314
linearizes dendritic computations by blocking voltage-gated currents.

An anomalous rectifying potassium Kj: channel has been proposed to be responsible for
the increase in input resistance in Upstates by closing at more depolarizing potentials
(Waters and Helmchen, 2006). However while the K;; can explain how IR modulation affects
kinetics, it cannot be responsible for the gain modulation of amplitude, because the
amplitudes of short transients such as OPs or (EPSPs are only minimally affected by changes
in conductance. Nevertheless, the primary mechanism underlying the activity of QX-314 is
its blockage of voltage gated sodium channels (Nav). Nay currents are mainly responsible
for the generation of APs and their propagation in the axon. There the expression of the
channel is very high, producing the regenerative large currents that reach the axon terminals.
In dendrites Nay are expressed at much lower densities, but the channels can generate local
sodium spikes when the membrane is sufficiently depolarized by clustered inputs, and this
produces voltage-dependent non-linear signaling in dendrites (Larkum and Nevian, 2008).

Small depolarizations can open different types of Na" channel (French et al., 1990), or
activate Nay slowly to produce a persistent inward current (Nap) (Carter et al., 2012). When
the Vi reaches threshold depolarization values (~ -55 mV) that lie just between Up- and
Downstates, such Na" conductances open (French et al., 1990) and influence the integration
of EPSPs by increasing both amplitude and kinetics (Gonzéalez-Burgos and Barrionuevo,
2001; Stuart and Sakmann, 1995). Ultimately, this amplifies the total charge transmitted to
the soma (Figure 35). The activation of Nap may be responsible for the increase of IR in
Upstate (Sutor and Zieglginsberger, 1987). Although when the channel opens it increases
the conductance of the membrane, any Vi change that lies within its dynamic range will
enhance a fluctuation in Vi, which means that Nap actively contributes to increases in input

resistance. Since, Nap has been reported to influence the amplitude of EPSPs in a voltage-
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dependent manner (Deisz et al., 1991; Gonzélez-Burgos and Barrionuevo, 2001; Stuart and
Sakmann, 1995), I hypothesis that it could be involved in the gain modulation of pasaOPs
and real ;EPSPs.

Why aren't larger amplitude inputs amplified? In the model I propose, Nap are constantly
active during depolarized phases such as Upstates, V4ep and Move during which the mean
Vi is near or above -55 mV. Thus basally generated OPs and (EPSPs are all increased by
Na" currents during these periods, regardless the magnitude of the input (Figure 35 a, b left).
But taking in consideration the large impedance of thin basal dendrites and the filtering of
the potential toward the soma, we know that local potential amplitudes are 5 to 20 times
higher in magnitude than those recorded in the soma (Nicholson et al., 2006; Spruston, 2008)
(Figure 35 a, b center compare to right). This implies that inputs at large amplitudes (> 0.4
mV) may correspond to >4 — 8 mV at the point of dendritic generation, potentially triggering
depolarizations that also reach -55 mV of V, during Downstates. This in turn could trigger
Nap to increase large inputs as well. Moreover, a large input during a Downstate would retain
its advantage in terms of the driving force effect over Upstates, and as a result would be
larger on the soma (Figure 35 b). Small inputs in Downstates, on the other hand, would not
depolarize the Vi, enough to reach -55 mV. This means they would not be increased by the
Nap and thus have lower values than their Upstate counterparts (Figure 35 a). Ultimately,
the nonlinear activation profile of these voltage-gated sodium currents would cause a larger
relative amplification of smaller inputs in the depolarized Upstate.

What prevents Nap from increasing somatic OPs in Upstates? I hypothesis that this is the
result of features of the recruitment of Nap currents: at the site of stimulation, whether soma
or dendrite, the driving force of a transient potential exerts a local domination over the Na*
currents (Figure 35 a center). Along the length of the dendrite the recruitment of Nap currents
becomes additive and on the soma their contribution overtakes differences in the initial
driving force (Figure 35 a right).

In collaboration with Dr. M. Remme in the laboratory of Prof. S. Schreiber we constructed
a mathematical model in a neuron’s simulator (Neuron), using the data I collected as
validation (Figure 35). We simulated a homogeneous distribution of Nap channels along the
basal dendrites of a reconstructed neuron from the OP dataset. When imposing the activation
parameters of Nap channels (French et al., 1990), the dendritic Up- and Downstate Viey
(Williams, 2004), the putative dendritic synaptic potentials (Spruston, 2008) and applied the
range of distribution of recorded somatic amplitude responses to basal OPs, the model

recapitulated the basal dendritic input gain modulation (Figure 35 d).
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Figure 35. Neuron model employing a dendritic distribution of sodium currents to
recapitulate the gain modulation of basal input.

The model constructed on Neuron exploits the anatomy of a reconstructed cell from the basal
dendritic stimulations dataset. A homogeneous dendritic distribution of Nap, whose dynamic range
of activation lies in between of Up- and Downstate, is differentially activated by small and large
dendritic inputs. a. Simulation of a small dendritic input and dendritic voltage recording; (left) the
Upstate Vi is above the threshold of Nap activation, while the Downstate V., and peak are below;
(center) the overlaid Up and Down responses show that the local Downstate potential is larger;
(right) the corresponding somatic potential highlights the somatic filtering that accounts for a
reduction of ~ 15 folds in amplitude and shows how the additive effect of Nap along the dendrite
reverses the Up:Down ratio for input < 0.4 mV. b. Same as (a) but for a large dendritic input; (left)
the peak Downstate amplitude crosses the Nap activation threshold; (center) the Downstate local
response is boosted by the activation of Nap; (right) on the soma the Downstate response results
larger for input > 0.4 mV. c. Distribution of Up:Down amplitude ratios as a function of Downstate
amplitude for the basal dendritic anesthetized dataset (grey) (from Figure 21 h); the superimposed
Neuron model based on Nap expression, recapitulates the gain modulation (black). Filled black
circles represent the relative position in the distribution of the two examples showed in (a) and
(b); empty black circles represent the other tested input parameters not showed here. d. Cartoon
representing the simulated experiment layout with a pipette recording the dendritic Vi, close to a
synaptic input and another pipette recording the same input from the soma.

Another consideration is that at Vi, above -55 mV, the membrane time constant is always
prolonged due to the active contributions of Nap to input resistance. Therefore, whenever

potentials are elicited in Upstates, their kinetics are always longer in Upstates (Figure 35 a,
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b right). When Nap are blocked by QX-314, the time constant of the membrane becomes
linear across different Vi, and none of the inputs will be increased, regardless the amplitude,
the brain state or Vi, value, and the gain of modulation effect is abolished.

This hypothesis is one of the simplest potential explanations for the data since it involves
the effect of a single type of channel, evenly distributed along the basal dendrites. But other
factors cannot be ruled out, including contributions from more complex interactions of
voltage-dependent currents along the dendrites, which might be disrupted by unspecific
direct or indirect effects of QX-314. Testing the hypothesis would require in vivo dendritic
patch-clamp recordings to measure the baseline Vi, and OP amplitude directly at the

stimulation site as well as new drugs to block specific currents intracellularly.

4.8 Functional consequences of dendrite-specific modulations of

synaptic input

Considerable work has been devoted to the impact of cortical network activity on sensory-
evoked synaptic input. Synaptic responses to brief whisker (Petersen et al., 2003; Sachdev
et al., 2004), forepaw (Zhao et al., 2016) and auditory (Zhou et al., 2014) stimuli undergo
reductions in amplitude in depolarized phases of slow activity compared to hyperpolarized
phases. An increase in the amplitude of synaptic inputs has also been observed in visual
stimuli of longer duration (Polack et al., 2013). Intriguingly, a gain modulation of synaptic
inputs has been detected in recent work using different amplitude auditory stimulation (Reig
et al., 2015).

The aim of this work was to establish whether the network activity of different brain states
modulates the integration of similar inputs arriving from either the apical or basal
compartments of L2/3 pyramidal neurons in different ways. Here, I reported that apical input
is attenuated in a distance-dependent manner during Upstates and Vgep periods, and is
disinhibited or even amplified during active movement. In the basal compartment, inputs
experience a gain modulation during increased network activity. Only smaller inputs are
increased over similar inputs that arrive during Downstate and Vuyp periods.

What function could such a distinct state-dependent modulation strategy fulfill in a single
cell? A theory of pyramidal cell function suggests that these neurons integrate external,
sensory, “feedforward” input that arrives via basal dendrites with internal “feedback”
information from apical dendrites (Larkum, 2013) (Paragraph 1.1.3, Figure 3). In the

whisker system, for example, a L2/3 pyramidal neuron of the somatosensory barrel cortex
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corresponding to the C2 whisker predominantly receives direct and indirect input from
deflections of the C2 whisker. This feedforward sensory input passes through the VPM
specific thalamic nucleus and reaches mainly L4 and then spreads to L5 and L.2/3 along the
same barrel columns, expanding laterally to neighboring columns. The many cells it reaches
in LS and L2/3 trigger a process of reciprocal local communication through which the
sensory information is integrated and decoded. Such feedforward direct and indirect inputs
are mainly gathered by the basal dendritic compartment (Feldmeyer et al., 2006, 2002;
Oberlaender et al., 2012). At the same time, the same neurons receive higher-order, top-
down feedback input predominantly in L1 from the posteromedial (POm) higher order
thalamic complex (Shipp, 2007; Wimmer et al., 2010). This delivers information related to
the activity of all of the other whiskers. L1 in the sensory cortex is also the target of
projections from M1 and other cortical regions (Veinante and Deschénes, 2003). Thus while
the pyramidal neuron decodes specific information during a whisker deflection, it is
receiving another layer of input, whose proposed function is to trigger a supralinear
enhancement of the neuronal output. The simultaneous combination of the two streams may
result in sustained firing and possibly a change in the mode of firing to bursts (Larkum,
2013) (Figure 3).

This model of signal integration is based on the activation of Ca®'-spiking via a
backpropagation of action potentials (BAC) in L5 pyramidal neurons (Larkum et al., 1999).
But a synaptic activation of Ca*" waves has also been reported for apical dendrites of L2/3
cells (Larkum et al., 2003). Moreover, in the pyramidal neurons of these layers, a pairing of
APs and EPSPs evokes supralinear Ca*" influx (Larkum et al., 2007; Waters et al., 2003).
This type of coupling has been shown to be enhanced by blocking GABAergic transmission
(Larkum et al., 2007). The activity-dependent calcium influx has been shown to be enhanced
in a population of apical dendrites of L5 cells but to be reduced in L2/3 cells in vivo
(Murayama and Larkum, 2009). This does not, however, rule out the possibility that single
layer 2/3 cells exploit such a coupling mechanism to change their firing behavior. In fact, in
contrast to L5, while populations of L2/3 pyramidal neurons reduce their mean firing rate
during desynchronized (Move) states (Poulet and Petersen, 2008; Zhao et al., 2016) an
enhancement of activity is seen in a small subset of cells (Barth and Poulet, 2012), suggesting
that L.2/3 and L5 have distinct sensory coding strategies. This means that L2/3 neurons might
employ a coupling strategy similar to that of L5 neurons, but only in response to a
combination of stimuli carrying specific sensory information, and not as a whole population

(Andermann and Moore, 2006; Bathellier et al., 2012; O’Connor et al., 2010; Ohki et al.,
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2006, 2005; Rothschild et al., 2010). The overall reduction of activity in 2/3, together with
sparse firing (Barth and Poulet, 2012) may work to enhance the extraction of behaviorally
relevant synaptic inputs against a backdrop of noisy brain activity (Sakata and Harris, 2012).

The postsynaptic state-dependent gain modulation reported here for basal dendrites may
be part of a tuning system that normalizes the impact of input along the basal arbor. Here it
is interesting to note that a minority of synaptic inputs to cortical neurons are > 1 mV; the
vast majority are < 0.5 mV (Jouhanneau et al., 2015). Selectively amplifying lower synaptic
input could increase the relative contributions they make to cortical coding in active
networks, giving them a more important role than has been assumed. In keeping with this
idea, an intrinsic system that normalizes the location dependency of dendritic synaptic input
has been already reported for CAl pyramidal neurons (Magee, 1999). Synaptic
normalization may therefore be a common functional property that neurons employ to
counteract the effects of dendritic morphology and background activity.

The passive cable properties of thin dendrites may completely filter small, distant inputs
during the turbulent Vi, fluctuations in Upstate and make small, distal synapses almost
completely irrelevant with regard to their contributions to somatic integration and AP
outputs (Nevian et al., 2007). The intrinsically active system for basal dendrites proposed
here would enhance the impact of smaller synaptic inputs that would otherwise be filtered,
without boosting those that are already large. This would, effectively homogenize the
strengths of sensory feedforward synaptic inputs that arrive at L2/3 cells. A gain modulation
of basal inputs may, therefore, provide a cell-intrinsic mechanism that enhances the cortical
representation of weak sensory inputs (Chance et al., 2002). Such gain modulations are seen
at many levels of signal processing, from postsynaptic-elicited OPs to the stimulation of a
large sensory area such as the VPM, as well as across other sensory systems (Reig et al.,
2015). I hypothesize that these types of gain modulations are a core feature of the
information processing of sensory perception.

Counterbalancing this, a state-dependent reduction of apical input might function as a gate
control to prevent coincidental detection events until salient moments. L2/3 pyramidal
neurons exhibit particularly sparse and low rates of firing, whose function has been linked
to a selective responsiveness to particular features of sensory stimulation (Barth and Poulet,
2012; Petersen and Crochet, 2013; Sakata and Harris, 2012). Nonetheless, strong inputs to
the apical compartment can elicit calcium events that in turn enhance the probability of firing
(Larkum et al., 2007; Waters et al., 2003). Here I suggest that during active movement, this

inhibition is removed. I hypothesize that this is dependent on a sudden reduction in the firing
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output of layer 2/3 SST Martinotti interneurons (Gentet et al., 2012), which selectively target
apical dendrites in L1 with inhibitory synapses (Jiang et al., 2013; McGarry, 2010). If this
were the case, then Martinotti cells would function as the gate for coincident detection in
pyramidal neurons. When no feedback input arrives, SSTs constantly inhibit the whole
apical compartment of L2/3 cells, which may suppress the somatic impact of top-down
information and help maintain their low firing pattern. On the other hand, when a strong
signal from other brain areas is transmitted to L1, SST neurons release their inhibition and
pyramidal neurons now receive strong input from both their compartments, which may
increase firing rate. Their output will then be transmitted both locally and to other cortical
areas as a signal of the detection of coincident input (Larkum, 2013).

Nevertheless, while SSTs have high firing rates during Ve phases in resting awake
animals (Gentet et al., 2012), this is less prominent during Upstates under anesthesia (Pala
and Petersen, 2015). Thus it is not clear whether SSTs can mediate the distance-dependent
shunting that occurs in Upstates in apical dendrites reported here. Other factors, including
perhaps a cell-intrinsic mechanism involving a driving force saturation effect in distal
dendrites, may be mainly responsible for this apical compartmentalization. Martinotti cells
may enhance this apical compartmentalization with a shunting effect during resting periods
and release the inhibition during movement. Ultimately, this intrinsic compartmentalization
or shunting mechanism in the apical compartment may play a role in the reduction of apical
dendritic calcium responses in the L2/3 population (Murayama and Larkum, 2009), low
firing rates (Zhao et al., 2016) and sparse firing (Barth and Poulet, 2012). These features
may enhance the selectivity of sensory responses and tune the top-down control of sensory
processing, which may also play an important role in experience-dependent modifications

of sensory representation (Sakata and Harris, 2012).

4.9 Outlook and future experiments

A number of further experiments will be needed to examine the cellular mechanisms of state
dependent modulation of input amplitude in more detail.

Intracellular blocking via QX-314 suggested that the gain modulation of basal synaptic
inputs is a postsynaptic specific effect dependent on Nap channels. However, the unspecific
nature of QX-314 may block other ion channels (Perkins and Wong, 1995; Strichartz, 1973;
Talbot and Sayer, 1996). A logical consequence is to apply more selective intracellular drugs

such as the NMDA selective blocker MK-801 (Palmer, 2014; Wong et al., 1986), or D-890
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a voltage gated calcium blocker (Deisz and Prince, 1987; Grienberger et al., 2014). Such
experiments may help clarify or exclude the role of other voltage-gated channels in the
mechanisms of modulation. I have already collected a partial dataset of basal dendritic
stimulation under MK-801.

A drug which specifically targets Nay is Tetrodotoxin (TTX) (Narahashi et al., 1964);
unfortunately, it produces its effects by binding to an external site of the sodium channel and
does not work intracellularly (Kao, 1986). Due to its high affinity for Nay, in vivo
applications of TTX completely block the generation and propagation of APs, and thus may
well entirely disrupt the spontaneous network activity that is the source of the modulation
itself. A second glass pipette connected to a iontophoresis device could permit a very focused
application of TTX close to the dendritic spot to be stimulated, or along the course of the
basal dendrite (Miiller et al., 2012), and the results might be helpful. Alternatively, using
TTX in an in vitro slice model of Upstates (Gerkin et al., 2010) would also permit an
examination of the mechanism in greater detail.

Alternative modeling approaches based on different distributions of Nap, K;: and calcium
channels along the dendritic branches and soma may also be helpful in elucidating the
mechanisms underlying synaptic input modulation.

Apart from the complete unraveling of the intracellular mechanism, it would be interesting
to test more generally the extent to which such gain modulation is present during sensory
processing. Similar gain modulations have been reported in the auditory system (Reig et al.,
2015), and it would be interesting to confirm whether it is also present with different
intensities of whisker deflection.

The POm thalamic nucleus delivers feedback information on the activity of the whole
barrel field to L1 of the somatosensory whisker cortex (Jouhanneau et al., 2014; Shipp, 2007;
Wimmer et al., 2010). It would therefore be interesting to test whether the neurons projecting
to the apical compartment in layer 1 are attenuated during Upstates, as for apical direct
stimulation, or if such input would undergo a gain modulation, as for basal inputs and VPM
activation. A partial dataset has already been collected by my colleague Dr. Jouhanneau
which exploits my POm viral infections of ChR2.

Finally, it would be important to confirm the role of SST interneurons in the motor
activity-dependent gating of apical inputs to L2/3 neurons. SST neurons are known to fire
during quiet wakefulness (Gentet et al., 2012; Mufoz et al., 2017) and inhibit apical
dendrites (Jiang et al., 2013; McGarry, 2010; Murayama et al., 2009; Wang et al., 2004). A

difficult yet compelling experiment would involve the selective inhibition of SST neurons,
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in combination with ChR2 subcellular stimulation, during quiet and moving periods. The
design of such an experiment could involve the use of a transgenic mouse line expressing
the CRE recombinase in SST neurons (Taniguchi et al., 2011), in combination with cortical
AAV infections delivering a CRE-dependent, red-shifted inhibitory opsin such as the
cruxhalorhodopsin Jaws. Jaws is a chloride-selective inhibitory channel sensible to red light
(Chuong et al., 2014), with an activation spectrum that only partially overlaps that of
ChR2(TC). This would permit an activation of the two opsins in the same sample using two
distinct wavelengths of light. A coinfection of the CRE-dependent Jaws, which would be
expressed only in SST cells, and CamKII-ChR2(TC) expressed mostly in pyramidal
neurons, can be obtained in the superficial cortical layers of the somatosensory cortex.
During the recording of a ChR2 expressing pyramidal neuron and two-photon stimulation
of an apical dendritic target area, a red diffused light can be applied to the superficial L1,
blocking only SST neurons.

I have already determined that ChR2(TC)-expressing neurons are completely
nonresponsive to a diffuse red light. While it cannot be excluded that the two-photon
activation of apical dendrites at 920 nm might affect Jaws-expressing SST neurons as well,
the interference would probably be marginal. My prediction would be that a suppression of

SST neuron firing during movement would prevent the attenuation of apical inputs.

Conclusions

This work represents the first attempt to exploit subcellular two-photon stimulations in vivo
to study the brain state-dependent modulation of synaptic input. I have shown that optically
generated potentials can resemble basic cellular features of glutamatergic synaptic input in
Downstates. Moreover, the data collected with this method showed how such OPs undergo
state-dependent modulations very similar to those observed in real EPSPs. This makes two-
photon dendritic stimulations of ChR2 a robust method to reproduce and study synaptic input
in vivo for future studies even in awake animals. The dendrite-specific, state-dependent
modulations observed here should help unravel the influence that brain states have on the
subthreshold integration of sensory inputs. Moreover, it brings up to light some of the
multicellular and cell-intrinsic mechanisms that evolved in L2/3 pyramidal neurons and are
employed in the management of their functions as integrative elements for information

processing in the neocortex.
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Abbreviations

AAV adeno-associated virus

AMPA alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid

AP action potential

ApicalOP apical dendritic optogenetic potential
BAC backpropagation activated calcium channels
bAP backpropagating action potential
BasalOP basal dendritic optogenetic potential
Ca®* calcium ion

ChR2 Channelrhodopsin-2

Cr chloride ion

Down down state

EEG electroencephalography

EPSP excitatory postsynaptic potential
EYFP enhanced yellow fluorescent protein

GABA y-aminobutyric acid

GFP green fluorescent protein

In hyperpolarization-activated current
IPSP inhibitory postsynaptic potential
IR input resistance

Iso upstate iso-potential

K* potassium ion

Kir anomalous rectifying potassium channel
L(n) layer (n)

Ig logarithm base 10

M1 primary motor cortex

Move movement phase
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Nap
Nay
NMDA
OP
P(n)
PFA
PMT
POm
PSTH
PV
QX
S.D.
S1
somaOP
SST
Tau
TTX
uEPSP
Up
Viep
Vhyp
VIP
Vi
VPM
Viev
WL
WT

sodium ion

sodium persistent current
voltage-dependent sodium current
N-methyl-D-aspartate
optogenetic potential

post-natal day (n)
paraformaldehyde
photomultiplier

posteromedial thalamic nucleus
peristimulus time histogram
parvalbumin interneurons
QX-314

standard deviation

primary somatosensory cortex
somatic optogenetic potential
somatostatin interneurons
membrane time constant

Tetrodotoxin

unitary excitatory postsynaptic potential

up state
depolarized Vi phase
hyperpolarized Vi phase

vasoactive intestinal peptide interneurons

membrane potential

ventroposteromedial thalamic nucleus

reversal potential
wavelength

wild type
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