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Abstract

Keywordsin vivo/ in vitro, calcium imagingn vivo2-photon imaging, patctelamp, genetically encoded
calcium indicator, sensory cortex, visual cortex, les@mning photostimulation, synaptic connectivity,

dLGN, dual optogenetic circuit mapping, retinogeniculate synapse

Neocortical pyramidal cells (PGlsplay functional specializations defined by their connectivity
as well as their molecular, anatomical and electrophysiological properties. For layer 2/3 (L2/3) PCs little is
known aboutthe detailed relationship between their neuronal response progsri@nd their underlying
cellular properties as well as their circuit connectivity.

The first part of this thesis characterizes the morphological and electrophysiological
properties of L2/3 PCs in the binocular zone of mousaany visual cortex (V1) teeveal potential L2/3
PC subtypes. Analysis based on electrophysiology and morphology argues against -morpho
electrophysiological L2/3 PC subtypes in mouse V1.

The second part ahis thesis investigates whether L2/3 PCs differ in their connectivity petter
and whether this is related to differences ireih stimulus preferences. Lasgctanning photostimulation
(LSPS) by UV glutamate uncagmbrain slices reveals that L2/3 PCs receive to varying degrees excitatory
input from L2/3 and L5 in addition tdhé¢ canonical L4 input and that the sources of excitatory and
inhibitory input are not balanced in all cells

In order to probe the functional implications of the different input patterns this study presents an
invivo/ invitro approach: First, the visliaresponse properties(orientation/direction selectivity,
temporal/spatial preferences, ocular dominance and spontaneous actietyjndividual L2/3 PCs
expressing a genetically encoded calcium indicator (GECI) are characterizeovviti2-photon caleum
imaging. Subsequently, the very same neurons areleatified in brain slicesor circuit analysis with
LSPSTherefore, this study is able to directly relate the functional response properties of neurons to the
underlying laminar excitatory and intiibry inputs for the first time.

Analyses of the relation between functional response properties measangdoand the laminar
connectivity assesseth vitro do not reveal distinct subtypes of L2/3 PCs embedded in functional
microcircuits in accordanaogith the morphological and electrophysiological observations. Therefore, the
diversity of visual response properties of neighbouring L2/3 PCs in mouse visual cortex is not directly

related to their laminar connectivity.



The last part of this thesishallenges the classical view of strict especific information
segregation within the adult dorsolateral geniculate nucleus (dLGN). Thalamic cells (TCs) have been
demonstrated to display binocular responses at the level of the dLGN in the adult anumhaheb
underlying circuit has not been investigated. This thesis develops acdigal optogenetic approach
enabling eye-specific retinal input mapping onto single TCs. The application of this-cdloal
photostimulation approach providebe first evidene of binocularity at the level of the retinogeniculate

synapse.
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Introduction 1

1 Introduction

A centralgoal of neuroscience reaech is to understand the molecular and physiological
mechanisms underlying learning, memory, behavior and cognifibe. furction of neuronal circuits is
determined mostly by the specific connectivity between their individual cells. Likewise, the response and
tuning properties of individual neurons arise generally from the information carried by their synaptic
inputs. Howeverlittle is known about the detailed relationship between the organization of synaptic
connections and neuronal response properties at the level of singleloatisder to understand the input
output transformation of a single neuron within its physiolajicontext, it is therefore necessary to
characterize its stimulus response properties together with its underlying connectivitehl as cellular
and synaptic properties. This approach will ultimately lead to the understanding of neuronal circuits and
its implication in learning, memory, behavior and cognition.

The neocortex processes incoming signals in local microcircuits and computes information from
different brain areas within its six layered structure composed of neurons. Since the neocortidal cel
organization is highly similar across different brain areas and even animal species, this common structural
organization has led to the idea that microcircuits in each brain area perform the same principal
computational processing irrespective of tharticular incoming information. Following this idea of
stereotyped cortical processing,L has been employed as an easily accessible model system, where the
stimulus parameter space is well defined, in order to measure response properties of indoatlsah
the context of their underlying microcircuit.

Excitatory principal cells of layer 2/3 (L2/3 PCs) are a key element in information integration, since
they receive signals from intraas well as translaminar neocortical regions, while at the séme
transferring information across cortical layers and areas. In order to understand the specific role of L2/3
PCs in information processing, it is an absolute necessity to assess whether there are different types of
L2/3 PCs based on their functionale as well as the underlying connectivity within the circuit. Therefore,
this study attempts to first characterize L2/3 PCs on the anatomical and electrophysiological level in the
binocular zone of mouse V1. Secondly, this study characterizes the ercitatd inhibitory laminar
connections of L2/3 PCs in V1. Finally, function and connectivity are directly related by both characterizing
the visual response properties as well as the underlying excitatory and inhibitory laminar connections of

the same L2/3Cs in V1.
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The prime location of sensory information integration and its computation are thought to be
within the neocortex. Subcortical structures such as the thalamus have been only considered as relay
stations that simply transfer sensory informatiiom sensory organs to the neocortex. Following this
classical view, the primary thalamus of the visual systamdLGNis believed to convey the information
from the two retinas separately to V1. Hence, the combination of sensory information of batloegars
earliest in the binocular zone of V1. However, recent evidence suggest that sensory information coming
from both eyes is already partially combined at the level of the dLGN. Therefore, the last part of this study
aims at developing an approach fetudying binocular integration in the dLGN with a focustiog

retinogeniculate synapse.

1.1 The visual system

1.1.1 The mouse visual system

The mouse has become the most heavily used model for studying the function of the visual system
and its underlying circuits over the last decade. Three main factors have led to this popularity: 1) The
genetic tools in the mouse allow studying defined nenabcircuits. 2) Optogenetics allow controlling
individual cell types within neuronal circuits with high temporal precision to stepwise understand the
contribution of individual cell types to the whole circuit. 3) The monitoring and manipulation of large
ensembles of cells allows studying specific aspects of sensory information processing in the behaving
animal.

When studying visual processing in mice, one should keep in mind that the mouse as a nocturnal
animal relies more on its tactile as well as oléagtsystem and uses its visual system rather as an event
detector. Therefore, the mouse has rather low visual acuity (0.5 to 0.6 cycles/déGiaefranceschi et
al. 1999)compared to humans (60 cycles/degré€ampbell et al. 196%)large receptive fields (RFs,
average 14 (Métin et al. 1988) compared to cats (1(Wilson et al. 197¢)and a reduced binocular field
(30-40°, (Drager 1978) Nevertheless, the principal stages of visual procgsaia very similar to the ones
studied in higher mammals rendering the mouse as a tractable model organism to study vision.

In the following sections a brief overview of the individual stages of visual processing from the

retina to V1 is provided. The nmafocus is hereby on the mouse visual system.
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1.1.2 The retina as first visual processing unit

The complex visual environment and all its diverse features are first detected as ray of lights
stimulating rod and cone photoreceptors located in the retina okthye. Rods are hereby responsible
for vision at low light levels whereas cones are activated at higher light levels andtenealia vision.
The number as well as the location of rods and cones in the retina varies significantly across animal species
asreviewed inWernet et al. (2014)In tumans and primates the central region of the retina, the fovea,
has a higher density of cone photoreceptors compared to the retinal periphery. In the mouse however,
there is no fovea. Due to being a nocturnal species, the ratio of rods to cones is #&2Zniouse(Jeon
et al. 1998) There are three cone types in mice with different spectral sensitivities based on their
photopigment expression: green, blue and mixed green/blue. Their distribution throughout the mouse
retina varies indicating that there &lectve processing of specifiolor and contrast fatures across the
visual field(Szél et al. 1992)

The next processing step after photoreceptors convert the light information into electrical signals,
is shaped by three tamal interneurons: horizontal, bipolar and amacrine cells. Each of these three main
interneuron types come in considerable diversity and functions and receive either directly or indirectly
excitatory or inhibitory signals from the photoreceptors. Finalig output neurons of the eye are the
retinal ganglion cells (RGCs). RGCs convert the information they receive to spike trains and project
information to different brain regions. RGCs can have quite diverse RF sizes in which the firing of cells can
be atered. A study suggests that there are at least 33 different RGC types in the mousdBetilea et
al. 2016) Each of these 33 RGCs types encode distinct features of the visual environment. The most
classical examples would be RGCs that pesiéailly respond to either an increase or decrease in stimulus
luminescence in a small localized part of the visual space whereas the surrounding visual space responds
oppositely to the increase or decrease in stimulus luminescence (the classicain@Xand OFFcenter
RGCqKuffler 1953, Hartline 1969}urthermore, there are RGCspending to more defined RFs such as

edges or direction of movement.

1.1.3 Subcortical visual circuits
RGC axons are bundled in the optical nerve and aboti 86axons cross over to the contralateral
hemisphere at the optic chiasm. The remainingo5of axons project ipsilaterally (ségurel.1l lower

panel;Williams et al. (2003) RGCs project to over 40 satical regiongP. et al. 2014yhich can either
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be part of imageforming pathways (e.g. shape perception) or iotage forming circuits (e.g., circadian
clock). The most prominent and heavily studied imégening projection targets are the dLGN and the
midbrain superior colliculus (SC). The dLGN dirpotijects to cortical areas whereas the SC is connected
to the cortex via the lateral posterior nucleus (LP) or the dLGN.

Imageforming projection targets contain a complete topographic representation of the retinal
surface (so called retinotopic maps)yen by the spatial arrangement of RGC axonal projections within
each retinorecipient area.

Interestingly, about 90% of all RGCs project to the SC in the mouse visual system whereas only
about 10% of R@Jroject to the SC in primatéBerry et al. 1984)n general the SC directs head and
eye movements to specific location in wéd space(Douglas et al. 2005pbut is also an area where

information from diferent modalities is integrate(Drager et al. 1975, Ghose et al. 2Q14)

1.1.4 dLGN visual circuits

The dLGN is the most posterlateral nucleus of the thalamus and directly carries information
from the retina to the visuatortex (Figurel.1, lower panel).The mouse dLGN displays a relatively
complete retinotopic map of the visual environment.

There are two main categories of neuronglie dLGN. Most cells are excitatory thalamic (relay)
cells (T(R)Cs85% of the neuronal population) and the rest are inhibitory neureti$%wf the neuronal
population, Arcelli et al. (1997%) TCs in monkeys and cats can be further subdivided based on their
electrophysiological, morphological and functional properties into M, P and K TCs in mankietfse
comparable TC types Y, X and W in @atedlander et al. 1981RFs of X cells show hereby smaller RFs
and smaller dendritic trees than Y cells. These clear gafoms are not as strong in the mouse. Most
mouse TCs functionally resemble X< cat{Grubb et al. 2003However, a study suggests a separation
into X, Y and W cells based on morphological pataraén the mouse dLGN as widrahe et al. 2011)

Functionally, half of the TCs display classical centre surround properties whereas the remaining
cells show more selective coding properties such as directicorientation selectiwy (Piscopo et al.
2013) Furthermore, afferent thalamic inputs projecting to all visual cortical layers have been
demonstrated to already carry orientation tudenformation(Sun et al. 2016) These findings indicate

that functional response properties of dLGN cellsramre sophisticated than previously thought and the
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traditional understanding of the dLGN as a pure relay station between the retina and the cortex has to be
rethought.

The mouse dLGN does not show discrete cellular layers as compared to-tdngesed stucture
in the monkey. However, it can be divided into different subregions: A core region and a dorsolaterally
located shell region can be viszald using biochemically marke(&rubb et al. 2003)Interestingly,
different RGC types seem to projgo the shell or core regio(Huberman et al. 2009, Kim et al. 2010)
Moreover, the mouse dLGN can be divided into-sgecific zones. Axonal RGfjpctions from the
ipsilateral eye terminate in a specific zone in the dorsomedial part of the E@iel.1, lower panel).

The dorsomedial tip receives input fmothe binocular visual field and projects then to the binocular visual
cortex. The eye specifgegregation is mediated by molecular and activity dependent guidance cues
(Huberman et al. 2005, Pfeiffenberger et al. 2005, Huberman et al. 2008, Dhande et al. 2011)

In a classical view the dLGN simply forwards the activity of different RGC types to V1 and the
information of each eye is completely kept separate within the dLGN. Binocular cells can earliest be found
in the visual cortex in adult animals. However, studies in adult rodents and marmosets could show that
there are cells in the dLGN that anatomigakceive input from both eye@Rompani et al. 20173nd
respond to visual stimulation of both eyéGrieve 2005, Howarth et al. 2014, Zeater et al. 2005e
study even claims that there are no purely monocular ipsilateral but only binocular driven cells in the
dorsomedial tip of the adult mouse dLGNing extracellular recordings and fikld flash stimulation
(Howarth et al. 2014)However, this observation has been contrasted by a recent study reporting
binocular responses asell as either purely ipsilateral or contralateral responses of single dLGN axonal
boutons measured using-fghoton calciumimaging and drifting gratingélaepel et al. 2017) The
convergence of RGC axons onto a single TC must be separately viewed on a structural and functional level.
Anatomically, up to 91 RGCs have been observed to converge onto a single TRC in the dLGN using
monosynaptic retrograde rabies tracifompani et al. 2017Furthermore, a large fraction of these
inputs originated from both retinae arguing for a retinogeniculate origin of binocular cells. On a functional
level, only about 3 RGCs provide very strong synaptic input whereas the remaining inputs form weak
synapsegLitvina et al. 2017)

In conclusion, there are indications both on the anatomical as well as functional level for
binocularity within the mouse dLGN. However, the exact location within the dLGN as well as an estimate
on their numbers and the exactdjpateral/contralateral RGC input ratio on a single TC still needs to be

assessed.
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Figurel.1 Schematic overview of the mouse visual system and the major excitatory cell types with

their connections inv1

The contralateral and ipsilateral eye and their projections are colored in green and red, respectively. The

fibers from RGCs project to eye specific zones within the dLGN. The majority of RGCs (more than 90

over to the other hemisphere ahe optic chiasm. RGCs axonal terminals target thalamic cells in the d

Thalamic cells project then to V1 (lower panels). Sensory information enters V1 at all cortical layers w

strongest input to L4. Information travels from L4 to L2/3, fromréh# L5 and to other longange targets

outside of V1. L5 projects to subcortical structures as well as L6 and other neocortical structures w

projects to dLGN and other cortical areas (upper panel, PC subtypes are labelled with different ¢

Interneurons (grey) spanning the entire cortical layers provide local inhibition. CC: Qumntimal; CT: Cortico

thalamic; CS: Cortiesubcortical; CQIS: Corticacortical nonstriatal.
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1.1.5 Primary visual cortex

Comparable to subcortical visual areas, projections to V1 are retinotopically organized in such a
way that neighbouring cells in V1 respond to visual stimulation in adjacent parts of the visual field.
Consequently, stimuli in the lower visual field arenegented rostral whereas stimuli in the upper visual
field are represented more caudal within the visual corg8ehuett et al. 2002 urthermore, stimuli in
the nasal visual field are represented lateral while the medial partlafegponds to the temporal visual
field (Schuett et al. 2002)mportantly, retinal distances are not mapped 1:1 on the cortical surface. There
is an overrepresentation of the frontal visual field relative to the lateral visual frelthe mouse V1
(Bleckert et al. 2014, Garrett et al. 201&urthermore, V1 can be separated into two parts based on the
eyespecific inputs from the retina: A large monocular region where only information from the
contralateral eye is processed and a seralliinocular part where information of both eyes is processed
(Figurel.1, lower panelWilliams et al. (2003)Gordon et al. (1996)

In V1 RFs of cells are more elongated compared to the more circular RFs of dLGN and retina. Also,
cells are sharply tuned to features such as orientation, direction as waledisl and temporadrequency
(Niell et al. 2008, Smith et al. 2010, Andermann e2@L1) Within the binocular part of V1, cells cancals
be further classified based on the input strength coming from the ipsilateral and/or the contralateral eye
(the so called ocular dominance of a célgrdon et al. (1996)

Furthermore, Hubel and Wiesel classified ceflshe visual cortex into simple and complex cells
based on their responses to a moving bar within their RF: Simple cells display separate excitatory and
inhibitory regions within their RFs and their responses to moving bars can be predicted by thé spatia
arrangement of these subfields. Complex cells respond to moving bars without being modulated by the
exact location of the edges of the bars in their Rfigbel et al. 1962)

In contrast to the functional columnarganization of the visal cortex in cats and primatékl. et
al. 1974) where movement direction, ocular dominance and spatial frequency of neighbouring cells
within a column tend to be simildBimon et al. 1975, Payne et al. 1981, Bonhoeffer et al. 188Ipdent
visual system lacks such a clear defined spatial arrangement -tiried patches across its cortical
surface. However, there is still a debatthether there are ocar dominance patches in rat \(lLaing et
al. 2015) In the rodent visual system there is a-caled salt and pepper organization: Neighbouring

sharply tuned cells are not spatially arranged kather spatially intermixedOhki et al. 2005)
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1.1.6 Higher visual areas

V1 of mice projects to as many as 15 higbeder cortical areas. Nine of these 15 higher areas
display a retinotopic organizatiobM, LI, AL, RL, A, P, POR, AM and PM (revie@licikfeld et al. 201)y.

The borders between V1 and these higher visual areas have been demonstrated, on both an anatomical
as well as functional level, using different approaches such as anterograde cctiioe¢racingOlavarria

et al. 1989, Wang et aR007) intrinsicimaging(Garrett et al. 2014nnd 2photon calcium imaging
(Marshel et al. 2011J-urther subdivision of these higher are#fseir connection between each other and

the identification of additional higheorder areas is an active field of research. The visual cortical areas
are hierarchically organized based on their degree of feedforward and feedback projections. V1 is hereby
at the bottom of the hierarchy providing strong feedforward input to L2/3, L4 and L5 of higher visual areas
and in return receiving the strongest feedback projections from higher visual areas LM and PM in layer 1
(Wang et al. 2007, D'Souza et al. 20Es)yrthermore, each of the higher visuakas in mice display larger
receptive fields compared to V1 similar to the primate sys{gvang et al. 2007, Gert et al. 2010)

The different higher visual areas belong to different parallel processing streams comparable to
the dorsal and ventral stream @imd in higher mammals. LM, LI, P and POR are strongly interconnected
with each other and send strong efferent connections to ventral regions of the cortex, such as the
entorhinal cortex and temporal association areas. This strongly suggest that thesaaddgagir outputs
are particularly involved in object identification and memory function. AL, RL, PM, AM and A are thought
to be part of the dorsal stream with spatial navigation and movement functions providing output
connections to the retrosplenial cax, cingulate as well as secondary motor areas.

Higher visual areas show also a varying degree of functional specialization in the mouse. One of
the most prominent findings, using different approachespf®ton calcium imaging and silicon probes),
is tha area LM prefers high spatial frequency but low temporal frequencies whereas area AL prefers low
spatial frequency but high temporal frequenciédndermann et al. 2011, Marshel et al. 2011)
Interestingly, it seems that neurons in V1 make spedifnctional projections to these areas. Therefore,

a neuron that prefers high temporal frequencies but low spatial frequencies projects more likely to area
AL than LM and vice verg@lickfeld et al. 2013)Taken together, functional specializations within the
higher visual areas of the mouse cleangicate that overall principles and areas are comparable to the
primate system. However, further studies need to evaluate the degree of functional specialization and its

connections in the mouse.
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1.2 Neocortical cell types and their principal wiring

The principal cellular organization of the neocortex is highly preserved between both different
cortical areas and between species. Neocortical circuits contain different cell types with diverse functional
roles that can be preferentially connected withabeother. The classification of individual cell types within
a given microcircuit is essential for understanding how the brain functions and is an active field of
research. Generally, neurons can be classified based on the following criteria: their nogypHoktal or
long-range input and output connectivity, intrinsic properties, developmental history, genetic profile and
their functional response properties. The highly debated question here is how many of these classification
parameters need to be diffent between two cells to assign them to individual cell clagbeshell et al.

2013)

In most regions of the neocortex a $a&yered circuit is the fundamental basis for information
processing (seBigurel.l, upper panel). The principal information flow through thelaixered circuit is
the following: Information enters the neocortex from primary thalamus (dLGN in V1) targeting all six layers
but most strongly L4. L4 projects to all layers but most strongly to L2/3. From L2/3 information is send to
L5 but also to other cortical areas as well as the contralateral hemisphere. Within L5 information is
forwarded to regions within the cortex (e.g. la®d the contralateral hemisphere) or to subcerebral
targets. L6 receives information from L5 as well as higher order brain areas and provides cortical feedback
to the thalamus Figurel.1, upper panel).

Neurons within a neocortical region and across layers can be divided into two major classes.
Glutamatergic excitatory cells (also referred to as principal cells, PCs) and GABAergic inhibitory
interneurons. Excitatoryeatls comprise about 836 of cortical neurons and interneurons the remaining

20% in the rodent brain.

1.2.1 Main inhibitory interneuron types

Interneurons can be subdivided into three major raverlapping classes based orethgenetic
profiles(Rudy et al. 2011, DeFelipe et al. 20BRrvalbumin (PW8xpressing interneurons, Somatostatin
(SOM3jexpressing interneurons and 5HTFBEceptor expessing interneuronsHigurel.2A, reviewed in
Tremblay et al. (2018)PV cells are generally fast spiking cells that play a key role in balancing the

excitatory activity within a corted network. They receive strong excitatory inputs from thalamus and
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Figurel.2 Microcircuits within L2/3

A Schematic representation of the synaptic targets of the interneuron subtypes in L2/3. PV BCs target th:
while PV ChCs target the axon initial segment of L2/3 PCs. SOM cells target the apical tuft dendrites of |
and inhibit PV cells. VIP celleferentially contact SOM cells. NGs located in layer | effect nearby cells by vc
transmission of GABA Schematic illustration diunctional subcircuits within L2/3 (see text for details). L2
cortical circuits contain multiple subnetworks (two exales shown in red and blue). Each of the subnetwo
consist of highly interconnected L2/3 PCs, processing similar visual features. Individual cells can be
multiple subnetworks. Interneurons can be part of functional recurrent subnetworks and/onemin
nonspecifically to nearby L2/3 PCs. Functional subnetworks receive common input from L4 PCs. L5 cells

across different functional subnetworks. dLGN axons target connected pairs of L2/3 and L4.

cortex(Cruikshank et al. 200@¥ well as inhibition from other PV as well as SOM interneyeiesfer et
al. 2013) They occur across &lers except for layer 1. PV cells can be further morphologically subdivided
into basket cell¢$BCs) and chandelier cells (ChCs). BCs target the soma whereas ChCs target the axon initial
segment of PCd-{gurel.2A).

SOM cells reside in all cortical layers and morphologically mostly resemble Martinotfi¢aflg
et al. 2004) Martinotti cells contact apical tuft dendrites of PCs and are important in the control of
dendritic sensorimotor integratior(Gentet et al. 2012yas well as lateral inhibition (e.g. surround
suppression in the visual cortedesnk et al. (2012) Furthermore, SOM cells inhibit PV cells and

therefore indirectly modulate the degree of PV inhibition onto other géligurel.2A). The input t&SOM
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cells comes from local PCs and interneurons with very little connection between two SOKP fedfisr
et al. 2013)

5HT3Areceptor expressing interneurons contain two major subgroups: Vasoactive intestinal
peptide (VIP) expressing interneurons and neurogliafyi@s) cells. These cells are most abundant in the
superficial layers. These interneurons receive iomgge corticocortical input as well as local input from
PCs. Furthermore, they are modulated by acetylcholine and serotonin. VIP cells prefereniiail\5ioM
cells (sedrigurel.2A) and to some degree Rapressing BCs. VIP cells have been shown to indirectly
influence sensory processir(itee et al. 2013and learning (Letzkus et al. 2011y disinhibition of
excitatory PCs. NGs are a special type of interneurons since they do not require synapses to exert an
inhibitory effect on their taget cells but rather release a substantial amount of GABA sulfficient to inhibit

nearby cells by volume transmissi¢®lah et al. 2009)

1.2.2 Main excitatory neuron types

In the first instance, excitatory PCs can be subdivided into three main classes of cells, based on
their axonal projection patterns across cortical regions: Intratelencephalic (IT) neurons projecting only
within the telencephalon, pyramidal tract (PT) nens projecting to subcerebral locations (e.qg.
brainstem, striatum and spinal cord) and corticothalamic (CT) neurons (reviewdsdtriis et al. (2015)
Whereas IT neurons are found throughout@& ®f the neocortex and project to the ipsilateral as well as
contralateral hemisphere PT neurons only project within the ipsilateral hemisphere and reside only in L5B
(the lower part of L5). CT neurons are mp$bcated in L6 as well as L5 and only project to the ipsilateral
thalamus.

For further PC classification, the visual cortex of the mouse is mostly considered as an exemplary
cortical region in the following sectionsigurel.1, upper panel).

IT, PT and CT neurons can be further subdivided within each of the neocortical layers of mitGe M1.
L5 and L6 have been classified into different subtypes based orirtv@iofunctional response properties
and corresponding connectivity patterns as well as genetic and electrophysiological charac{tédées
Fort et al. 2014, Kim et al. 2013 L6 there are two types of PCs: Corticortical (CC) and cortieo
thalamic (CT) projecting cell typésigurel.1, upper panel) WhereasCGprojecting cells receive inputs
within V1 and display weak tuning to drifting gratings;ptdjecting cells receive loaginge input and
display strong tuning to driftg gratinggVélezFort et al. 2014)
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In layer 5 there are three types of PCs:EZgecting cells, Corticsubcortical (C§)rojecting cells
and a C@rojecting type that does not pregt to the striatum Corticocortical nonstriatal, CENS). CS
projecting cells target b superior colliculus, thalamus, brainstem and the striatum and receive a
significant fraction of their input from the retrosplenial cortex, the basal forebrain aadittGN. G@nd
CCNS cells receive input from higher visual areas and much less imputidngrange sources such as
the basal forebrain compared to CS cellsNEheurons prefer higher spatial frequencies than other cell
types whereas CS neurons prefegher temporal frequencies. Taken together, each of the cell types
within L5 and L6 seems to be embedded in a different microcircuit participating in specialized visual
information streams.

L4 principal cells have not yet been further subdivided in tloeise visual cortex. Out of the three
morphological types of L4 PCs found in the barrel cortex (pyramidal, star pyramidal and spiny stellate
cells), only L4 pyramidal cells are found in the mouse visual cortex. Like other sensory brain areas, L4 PCs
receivethe strongest input from the thalamus (dLGN in V1) compared to all other layers and neighboring
PCs are highlyterconnected with each othefMorgenstern et al. 2016)n general, L4 PCs receive very
little interlaminar input(Lefort et al. 2009, Morgenstern et al. 2018he main output target is L2/3, but
there are also prjections to other layersHowever, there are only few loagnge projection targets

(Minamisawa et al. 2018)

1.3 L2/3 principal cell classification in the mouse neocortex

In the following sections, the current status of the L2/3 PC classification uwkifegent
parameters (morphology, electrophysiology, molecular biology and functional properties) is reviewed.

The main focus is hereby on mouse V1.

1.3.1 L2 and L3 in the mouse neocortex

Whereas in humans and monkeys L2 and L3 can clearly be distinguisiegtbénchitectonic
stains, this is not possible in rodents and therefore L2 and L3 are usually considered together as L2/3.
In general, L2/3 is as a key element in integration and processing of information in the brain since it
receives inputs from as wels sends outputs to many other cortical areas. L2/3 PCs are considered to be
a homogenous group of cells that are pooled into one layer in most studies. However, the classification of

L2/3 PCs into subtypes using different approaches has recently besroierea of research.
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At first sight, most L2/3 neurons consist of densely packed excitatory pyramidal cells with
vertically aligned apical dendrites branching in layer 1. The predominant group of interneurons within
layer 2/3 are5HT3A interneurons (~60)% he remaining fraction of interneurons are 30 % PV and 10%
SOM cell¢Rudy et al. 2011)

Although L2 and L3 cannot be distinguished in the rodent neocortex at first sight, there are
indications that L2/3 PCs close to L1 differ from L2/3 PCs close to L4 based on their morphological,

electrophysiological, molecular and functional profiles.

1.3.2 Morphology and electrophysiology of L2/3 principal cells

PCs in the upper part of L2/3 show relatively short apical dendrites and large tufts with highly
branched terminal arbors in layer 1 whereas lower L2/3 PCs have longer apical dendrites with more
slender tufts(Libke et al. 2003, Shepherd et al. 200%)roughout L2/3there are PCs with straight apical
dendrites. However, a subset of L2/3 PCs located at the immediate border to L1 can also display oblique
apical dewlrites (Staiger et al. 2015, Luo et al. 200f)do not possess a clear distinguishable apical
dendrite but rather two or more ascending dendrites emergnag the upper part of the som@arkman
et al. 1990, Luo et al. 2017Fhis group of PCs is also termed atypical pyramidal cells. The difference in
morphology between atypical cells and typical L2/3 PCs has been shown to be accompanieddncdif
in their intrinsic properties such as input resistance and maximal firing rate in the mouse temporal cortex
(Luo et al. 2017)

Regarding electrophysiology2/8 PCs are regular spiking neurons that have been further
subdivided inb slowly adapting and fast agting cells in the barrel cortex. Whereas slowly adapting cells
occur throughout the depth of L2/3, fast adapting cells are absent in upper(&gagyer et al. 2015Y his

has not yet been demonstratdd V1.

1.3.3 L2/3 coding principle

Generally, L2/3 PCs have significant lower firing rates on average than excitatory cells in L4 and
L5 measured under bofh vivoconditions(Brecht et al. 2003 nd in brain slices in different sensory brain
areas. The difference in firing rate can be several folds less in layer 2/3 compared to deeper layers and
holds true for bothspontaneous and evoked activifsle Kock et al. 2007, Niell et al. 2008, Sakata et al.

2009, Lutcke et al. 2010pne simple explanation for this layer dependent difference in firing rate could
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be dissimilaintrinsic properties of L2/3 PCs versus L5 PCs. Indeed, L5 PCsaa¢ masire depolarized
compared to L2/3 PQkefort et al. 2009).2/3 PCs may therefore need more excitatory input to reach AP
threshold than L5 PCs. Importantly, it seems that there is a sparse population of L2/3 PCs firing many APs
and the remaining cells firing wefew AP{Hroméadka et al. 2008Yhese observations indicate that the
representation of sensory stimuli within L2/3 is completed by robust firing of a small subset of L2/3 PCs.
Interestingly, tlis sparse coding strategy is not static aah be altered by experiend¢&dalyahu et al.

2012) brain state (e.g. awake or under anestheslajder et al. (2013)and developmen{Rochefort et

al. 2009) Within L2/3, upper L2/3 PCs tend to have longer latency sensory evoked responses with longer
lasting depolarizations of smaller amplitude compared to deeper L2/3 PCs in the barrel(Cydeliet et

al. 2011)

The sparse AP firing in excitatory L2/3 neurons has been shown to be related to the strong local
inhibition mediated mainly by GABAergic releasitlg interneurons rather than the lack ofatatory
synaptic drive(Petersen et al. 2003, Crochet et al. 2008y as well aSHT3Ainterneurons show an
increase in firing rates upon sensory stimulation and therefore might play a key role in driving sparse

coding in L2/3 PCsvhile displaying a dense coding strategy themselves.

1.3.4 Visual tuning of L2/3 principal cells in V1

Individual L2/3 PCs in V1 are selectively tuned to distinct features in visual scenes such as
orientation, direction and spatial as well as temporal frequesigell et al. 2008, Andermann et al. 2011,
Marshel etal. 2011) L2/3 PCs are sensitive to a broad range of spatial frequencies (measured frecycle
degree) and temporal frequencies (measured in Hz) as well as speeds (measured as degree per seconds).
Similarly, the sharpness of orientation and direction tuning varies over a broad range throughout V1
(Andermann et al. 2011, Marshel et al. 201@jlike L2/3 PCs in the primate and carnivore visual cortex,
L2/3 PCs with different visual tuning are spatially intermixed and do not display an obvious functional
columnar architecture for visual features at first sight. However, it seems that méuse not strictly a
saltand-pepper map but displays tuning similarity on a local scale (~50Ringach et al. (201p)
Furthermore, there are indications that superficial regions of L2/3 display anidorm repeating pattern
of zones that express the M&etyldoline receptors (so called M2atches Ji et al. (2015) Interestingly,

L23 PCs that are located in between these Jg&tches seem to be less orientation selective and also

differ in their spatiotemporal preferences compared to L2/3 PCs within thepMehes.
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Within V1, a fraction of L2/3 PCs seems to be unresponsive to etsualli (gratings as well as
natural movies) which depends strongly on the cortical depth. The percentage of responding neurons is
approximately 50 % in superficial L2/3 PCs compared to lower L2/3 and L4 where almost all neurons
display selective responsésvisual stimul{O'Herron et al. 2018)

L2/3 interneurons, ulike L2/3 PCs, are broadly tuned to visual feat\tés et al. 2009, Kerlin et al. 2010)
and are thought to pool the rg@nse of neighboring L2/3 PE&unyan et al. 2013, Scholl et al. 2015)
Taken together, L2/3 PCs are a functional diverse group of cells that responds to different features

of the visual scenes and are at least partially arranged into functional spatiallesodu

1.3.5 Functional subcircuits within L2/3

L2/3 PCs receive strong input from neighbouring excitatory as well as inhibitory cells. The
connection probability between two L2/3 PCs within a 100 um radius has been reported to be in the range
of 5-20% with amverage uEPSP amplitude of-0.Z mV(Holmgren et al. 2003, Hofer et al. 2011, Ko et
al. 2011, Morgenstern et al. 2018)2/3 PCs innervate nearby PV neurons witf8886 probability and
an average UEPSP amplitude of8.8 mV(Hofer et al. 2011&nd 5HT3Anterneurons with a probability
of 24%and an average UEPSP amplitude of 0.4(Mateo et al. 2011)L2/3 PCs innervate nearby SOM
interneurons with approximately 306 (Kapfer et al. 2007)whereas SOM interneurons connect with
around 70% to L2/3 PC@-ino et al. 2013)PV intereurons innervate nearby L2/3 P@&h a probability
of 60-75% (Avermann et al2012, Znamenskiy et al. 2018urthermore, PV cells connect preferentially
to L2/3 PCs that provide them wisltrong excitatory inpufYoshimura et al. 2005, Znamenskiy et al. 2018)
This high degree of reciprocal connection specificity is not observed for other interneuron types
(Yoshimura et al. 2005)

L2/3 PCs with similar orientation preference are more likely to connect with each other on
average(Ko et al. 2011)}urthermore, L2/3 PCs that display the strongest synaptic connections between
each other have the most correlated visual responadsle weak synaptic connections link neurons with
less correlated visual responses (Cosell et al., 2015). Strong reciprocal connections between L2/3 PCs also
link cells with similar receptive field structuf€ossell et al. 2015) Taken together, the functional
specificity of local synaptic connections between L2/3 PCs reveals the existencesufalimdéunctional
recurrent subnetworks within L2/3F{gurel.2B). Furthermore, these strongly interconnected functional
subnetworks of PCs within L2/3 also receive common excitatory input fraividshimura et al. 2005l

contrast, all L2/3 PCs get input from L5 PCs as well as from the majority interneurons from L2/3, L4 and
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L5 irrespective of whether they connect strongly to each other or not. This stsgtigat L5 PCs and
different interneurons within the neocortical layers link L2/3 PCs across these functional subnetworks
(Figurel.2B). Interestingly, it seems th#ere are also functional specific connections between individual
PV interneurons and L2/3 PCs that rely on the synaptic strength of reciprocally connected pairs.
Therefore, individual PV cells that have strong inhibitory connections to PCs also mex#precally
strong excitation from individual L2/3 PCs. In these cases, reciprocally connected PV cells and L2/3 PCs
also share similar visual selectivity and receive common excitatory input fr¢ivolstiimura et al. 2005)
suggesting that specific interneurons are also part of-foale subnetworks responsible for processing
related sensory informatio(Figurel.2B).

There are multiple benefits of this type of arrangement of recurrent functional subnetwork with
regard to information processing: 1) Amplification of cortical responses. The spiking probability is
increased and hence the sigrtatnoise ratio is higher. 2fensory responses are prolonged within
recurrent networks leading to higher chance of interactions occurring with other signals in the brain. 3)
The interactions of individual subnetworkiSigure1.2B) with each other allow more complex feature

integration during ongoing sensory stimuli.

1.3.6 Laminar and longrange input sources to L2/3 principal cells

In addition to intralaminar input from neighboring cells, L2/3 R&€give translaminar excitatory
as well as inhibitory synaptic input. The strongest translaminar excitatory feedforwand is coming
from L4 PC&uhlman et al. 2013, Xu et al. 201Bhe connection probability between L4 PCs and L2/3
PCs is quite high with ~15% considering the distances between théhetigenstern et al. 2016).2/3
PCs also receive synaptic input from L5 P@set al. 2009, Kuhiman et al. 2013, Xu et al. 20A8)
unresolved question is whethé&mput from L5 PCs to L2/3 PCs consists of purely feedforward or a mixture
of feedforward and feedback projections. PCs in the lower part of L2/3 also receive direct input from dLGN
axons(Morgenstern et al. 2016)nterestingly, dLGN axons preferentially target connected pait243
and L4 PCs arguing for the existence of vertically aligned multilaminar netWwagiusa1.2B; Morgenstern
et al. (2016). Connections from L6 PCs to L2/3 PCs have not been observed in mouse V1.

It seems that there are at least to some extent translaminaiciamal subcircuits within V1A
fraction of direction selective presynaptic L4 as well as L5 PCs connect preferentially to hZBnilér

direction preferencWertz et al. 2015)
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Although the majority of L2/3 PCs receive most of its inhibition througH Intsrneurons, about
30% of L2/3 PCs also receive prominent translaminar inhibitory connections originating from L4 and L5B
in mouse V1Katzel et al. 2010 he interneuron cell types responsible for this translaminhaibition are
not known yet. Furthermore, the precise spatial arrangement of translaminar excitatory and inhibitory
input sources within the same L2/3 PCs has not yet been studied.

Since L2/3 is in a key position to integrate information from acrodgcabareas, the presynaptic
origins of longange inputs to L2/3 PCs are quite diverse. Prominent-tange inputs are coming from
higher visual areas such as LM, PM ofWang et al. 2007, D'Souzaadt 2016, Marques et al. 201Bjt
also from other sensory cortical areas such as auditory cditeili et al. 2012, Morrill et al. 2018)
Furthermore, L2/3 PCs receive lerange input fom structures such as entorhinal cortex as well as
retrosplenial corteXLeinweber et al. 2017EXxcitatory longange inputs can directhatget L2/3 PCs but

often top-down modulation of L2/3 PCs is mediated via local interneu¢ghang et al. 2014)

1.3.7 L2/3 principal cell projection targets

The main translaminar output of L2/3 P@ghin V1 targets L5 PCs. Unlike in the motor cortex
where different types of L5 PCs receive differential input from upper and lower part of(X@/2t al.

2008) the three different types of L5 PCs in V1 seem to receive prominent input from Layer 2/3 PC
irrespective of their location within L2/@im et al. 2015)

Most L2/3 PCs in mouse V1 have been shown not to just project locally within their primary
cortical area but also outside of iFiQurel.1, upper panelFigurel.2B). The longange postsynaptic
targets of individual L2/3 PCs are quitiverse as well as divergent (up to seven different postsynaptic
target areas per cell). Layer 2/3 PCs typically innervate nearby higher visual areas but also target areas
such as the anterior cingulate cortex, striatum or amygdglan et al. 2018)Recent work suggests that
individual L2/3 PCs follow a certain projection logic of information transfer. Only few cells are dedicated
LIN22SO0GA2Y ySdaNBya GKFG F2tt26 || WwW2yS OSeeinto2zy S i
project to multiple targets in a nerandom combination. Interestingly, individual L2/3 PCs send
information to combinations of target aredisat share visual response properties. This suggests that there
are information streams of visual proc&sg in the rodent visual system comparable to the dorsal and

ventral processing streams in primat@&slickfeld et al. 2013, Han et al. 2018)
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1.4 Methodological considerations
1.4.1 2-photon calcium imaging

The development of-photon imaging and itapplication to the living brain opened the possibility
to simultaneously study the activity of many identified cells with sub second temporal precision in a
relatively noninvasive manner. Calcium changes within a neuron are a suitable approximatiorefor th
underlying activity pattern of the cell since each action potential (AP) is associated with a somatic calcium
influx. However, one should keep in mind that monitoring calcium fluctuations within a neuron is only an
indirect readout of its spiking activi{Lltcke et al. 2013)

To performin vivo2-photon calcium imaging in the brain, specific principles and steps have to be
considered. 1) The cells of interest need to be labalksidg the principle of fluorescence. For the labelling
of cells with calcium reporter molecules two prominent approaches have been established: Extracellular
application of a synthetic calcium indicator on the brain area of interest (e.g-XpGBhe eypression of
GECIsn specific cells of interest (e.g. GCaMP). The fluorescence intensity change of GECls is nearly
proportional to the cellular calcium concentration (Rose et al., 2014) rendering them a reliable tool to
image neuronal calcium dynamics. Tdreat advantage of GECIs over synthetic calcium indicators is the
possibility to repeatedly perform calcium imaging of the same neurons over months. 2) In single photon
fluorescence, a fluorophore absorbs a single photon of appropriate energy and entersited state.
When the fluorescent molecule transits back to the ground state, it emits photons of lower energy and
therefore has a longer reghifted wavelength compared to the wavelength used for excitation. However,
the excitation of a fluorophore ialso possible with two photons (or more), if their combined energy
provides the adequate energy for excitationrpBoton microscopy makes use of this process: Twe low
energy photons (in the red region of the spectrum, ~700 nm) together cause a {eighgy transition
from a ground state to an excitedage in a fluorescent molecul@enk et al. 1990, Svoboda et al. 2006)
The excitation source for-ghoton microscopy is a focused near infrared lasearh that illuminates a
small volume in the brain area of interest at a time. The chance that two photons simultaneously strike
and then excite a fluorophore is highest in the focal volume of the laser beam and drops exponentially
with decreasing intensitgutside the focal volume. Therefore, all emitted photons originate from the focal
volume of the infrared laser beam (principle of optical sectioning). The out of focus excitation of
fluorophores is drastically reduced leading to much better spatial relolidompared to single photon

microscopy. Furthermore, the near infrared laser excitation wavelengths usedpgbot®dn microscopy
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scatter much less in tissue than visible light. This leads to much better penetration of light even in

relatively deep braimareas.

1.4.2 Circuit mapping in the brain

Circuit connectivity in acute brain slices can be readily studied using optical approaches. A focused
light beam ioptimal for the activation of neurons since it can be controlled both spatially and temporally
with great precision. Furthermore, the wavelength, shape of light waves and strength of light can be
tightly controlled.

In most circuit mapping approaches, ab-cell patchclamp recordings of either a single
postsynaptic cell or multiple postsynaptic cells are performed simultaneously. Since cells cannot be
activated by light per se, two main approaches are prominently used for circuit mapping: Photolysis of
caged compounds or the expression of channelrhodopsins in presynaptic cellsSF8a focused light
beam is rapidly moved across different sites in the tissue activating presynaptic cells. An alternative
strategy is to use widéeld illumination leadingo the detection of the net synaptic input of the recorded
postsynaptic cells.

The most prominently used caged compound for photolysis is the excitatory transmitter
glutamate bound to a caging moiety via a photoscissile bigtadz et al. 1994)Upon simulation by a
focused UV beam, glutamate is locally released and activates endogenous receptors of nearby cells.
Sufficient glutamate release will lead to AP generation in potential presynaptic cells and will only be
detected as postsynaptic input if thetimulated pre and recorded postsynaptic cell(s) are connected.
Importantly, @aged compounds can only be used to study local connectivity since the somata of the
presynaptic cells as well as their axons need to be present within the same slice axdhgdede
postsynaptic cell. For singfihoton LSPS using caged glutamate, recordings are performed on a single cell
or multiple postsynaptic cells while the intralaminar as well as translaminar presynaptic partners are
stimulated. This approach enables sagkll resolution on the postsynaptic but not on the presynaptic
side. lonotropic glutamate receptors are mostly found in the soma membrane as well as along the
dendrite of a neuron and therefore glutamate uncaging does not actigatpassantixons, makig this
technique a suitable approach to map the local translaminar circuitry. The resolution of this technique
depends mostly on the point spread function of the UV light source as well as the scattering of light by
neuronal tissue. Importantly, the resdion should be calibrated by adjusting the glutamate

concentration and the laser intensity to restrict action potential firing of all different cell types across
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layers to their persomatic region. Once correctly calibrated, this technique provides sutwet
resolution for the presynaptic input (~50 p@8hepherd et al. (2003M\nastasiades et al. (2012u et al.

(2016). LSPS by glutamate uncaging has been used in many studiiésrent brain areas to understand

the translaminar connectivity of specific cell types within a cortical region and the development as well
as plasticityrelated alterations of theséShepherd et al. 2003, Bureau et al. 208hepherd et al. 2005,
Bureau et al. 2006, Brill et al. 2009, Hooks et al. 2011, Apicella et al. 2012, Kuhlman et al. 2013, Kratz et
al. 2015, Xu et al. 2016, Deng et al. 2017, Meng et al. 2017)

The ®cond prominent approach for studying cortical connectivity is the photostimulation of
channelrhodopsirexpressing presynaptic cells of interest. In contrast to caged compounds, optogenetic
approaches can be applied for both local and losgge circuit mpping since lightensitive opsins are
expressed throughout dendrites and axons. Therefore, the presynaptic soma does not need to be
preserved in the same slice as the recorded postsynaptic cell(s). Severed axons can still be activated in
acute slices beasse synaptic terminals remain intactcdpresynaptic release can be triggered using brief
light pulses. By combining optogenetic stimulation with LSPS (so calleda€$ig&2d circuit mapping,
CRACM Petreanu et al. (2007)it is possible to map the input of ChB&oressing neurons across brain
areas onto postsynaptic cells in different layers. Fartrefinement of this approach, enables mapping
the subcellular location of ChRstive axon terminals onto target cells by blocking fast transient sodium
channels using TTX and potassium channelsAly &subcellular CRACM, sCRAZ®feanu et al. (2009)

By blocking sodium channeiediated action potential conductance along the axons and at the same time
blocking the repolarization of the axon metid by potassium channels, it is possible to map
monosynaptic inputs across the postsynaptic dendrite.

A further advancement of circuit mapping combined with optogenetic is the possibility to use
dualchannel photostimulation in order to map multiple typeof presynaptic input onto the same
pogsynaptic cel{Hooks et al. 2015For this, two channelrhodopsin variants that are excited by different
wavelengths are expressed in two neuronal populationd #ren the convergence of these neuronal

populations is mapped onto single presynaptic o@lapoetke et al. 2014)

1.4.3 In vivo/ in vitro approaches
High-resolution analysis of circuit connectivity and cellular and synaptic properties can only partially be
performedin viva Therefore,in vitro methods are necessga to characterize neuronal circuits at high

resolution. In order to directly correlaia vivomeasured response properties with the underlying cellular
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and synaptic properties as well as the neuronal connectiligychallenge is toe-identify the very same
neurons betweenn vivoas well agn vitro.

Two different experimental approaches foridentifying neurons between thia vivoandin vitro
preparation have been described so far. In the first approach,oreuacutely labelled with a synthetic
calcium indicator are matched using precise alignment and transformation of image stacks reicorded
vivoand in correspondingn vitrobrain slicegKo et al. 2011)The synthetic calcium indicator OGBabels
basically all cells and therefore the goalasecord as many cells as possible in the brain slibe actual
matching of cells between thim vivoand in vitro condition is done poshoc. In the second approach,
specific neurons of interest are labell@d vivoby optically activating photactivatableGFP (paGFP)
allowing these cells to be targeted for further analyisisvitro (Lien et al. 2011, Peter et &013) The
neuronal activity is here recorded with a synthetic calcium indicator expressed in all cells.

Taken together, thesm vivo/ in vitroapproaches have not yet been appliedd&Cls which would
enable performing longerm 2-photon calciumin vivoexperiments and then rédentifying neurons in

brain slices to characterize neuronal circuits.

1.5 Objectives of this study

There is still limited understanding whether the visual tunirigsingle L2/3 PCs is directly linked to the
spatial arrangement and strength of its excitatory and inhibitory laminar input sources. Furthermore,
neighbouring L2/3 PCs in V1 display different functional properties suggesting that distinct types of L2/3
PCs exist that participate in functional subnetworks within V1.

Therefore, the first main objective of this thesis isdesess thaletailed relationship between the
organization of synaptic connections and neuronal response properties at the level of single L2/3 PCs in
mouse V1.For this,the fundamental electrophysiological and morphological properties of L2/3 PCs are
first characteized in acute brain slices of V1. Secondly, the prin@paeitatory and inhibitory laminar

input sources of L2/3 P@se studied using LSPS by UV glutamate uncaging. In order to relate function to
connectivity, anin vivo/ in vitro approach is developednabling first the characterization of the visual
response properties of individual L2/3 P&sgpressing GECIs with vivo 2-photon calcium imaging.
Subsequentlythe same neurons are retrieved in brain sliéeslaminar circuit analysis with LSR%ith

this approach, visual response propertiesi€ntation/direction selectivity, temporal/spatial preferences,

ocular dominance and spontaneous activity)individual L2/3 PCs are directly related with their laminar
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input patterns. The properties measuredthan vivoandin vitro within the same L2/3 PCs enaldell
classification based on hierarchical clustering using the extracted parameters separately and then
evaluating thdanterrelation of the individual cluster solutions across properties.

In the lastpart of the thesisthe adult retinogeniculate synapse is investigated. Recent work
demonstrates the existence of binocular visual responsive TCs in the dLGN of the adult mouse beyond
development arguing against the classical view of strict eye segregaititis level of the visual system.
Within this context the main question is whether there are TCs that already receive input from both eyes
at the level of the adult retinogeniculate synapse. Therefore, a-coiak optogenetic approach is
developed irthis thesis to study the retinogeniculate inputs from both eyes to individQalih the dLGN

of the adult mouse.



Material and Methods 23

2 Material and Methods

2.1 Viruses/DNA

The GECI AAV28ynFLEXNRuby2CSEP2AGCaMP6RrWPRESVAO (titer: 2.9 x 20GC per ml, Addgene
accession no. 102816) in combination with the Cre recombiA#eé¢2/1.CamKIl0.4.Cre.S\M4iGer: 1.8 x
102 GC per ml, University of Pennsylvania Vector @ooession no. AY-PV2396) were used. For the
optogenetic experimentsAAV2/2.Sg-Chronos.EGFRitér: 2.1 x 182 GC per ml, Virus Vector Core,
University of North Carolina)r AAV2/2.SywChR2(H134R).EYRie(: 2.25 x 16*GC per ml, Addgene
accession no. 26973)nd AAV2/2.SyrChrimsonR.tdTtifer: 3.7 x 182GC per ml, Virus Vect&ore,

University of North Carolinayere usedAll viruses were aliquoted {8 ul per aliquot) and stored aB0°C.

2.2 Equipment

2.2.1 Surgical tools

Equipment

Supplier

26G virus loading needle
34G injection needle

20 ml (24 ml) NORMECT® syringe
Biopsypunch (4 mm)
Cottonswabapplicators (15 cm)
Dental drill (Presto 1)

Dissecting microscope SCGa2
Dumont #5/45 Cover Slip Forceps

Dumont #5 Forcepéssorted Styles straight
Dumont #7 Forcepstandard
Drill bits HM1 005

Eppendorf tubes 0.5 ml
Pulsegenerator/trigger Maste8

World Precision Instruments, cat. TdF26B\W2
(Sarasota, USA

World Precision Instruments, cat. nblF34BW2
(Sarasota, USA

HSW (Tuttlinge, Germany)

Pfm Medicalcat. no. 48401 (Cologne, Germany
Medical Care & Serve® (Wurmlingen, German)
NSK (lllinois, USA)

Karl Kaps GmbH Rrar, Germany)
Fine Science Tools GmbH, cat. no. 1125
(Heidelberg, Germany)

Fine Science Tools Gmiddt. no.1125110
(Hddelberg, Germany)

Fine Science Tools GmbH, cat. no. 11201
(Heidelberg, Germany)

Meisinger (Neuss, Germany)

Sigma, cat. nor891 (Missouri, USA)
A.M.P.I (Jerusalem, Israel)
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Gelfoam stypro

Glass capillaries for virus, bead injection and
cranial window stabilization (&: 0.8 mm,
thickness: 0.28 mm)
Glass coverslips,
thickness: 013 mm
Hamilton syringe (NANOFIL)

Head bar holdewith screws attached to a
hydraulic magnetic measuring stand with base
Headbar (chamber type, 46 x 14 mritahium or
stainless steel)

Heating blanket

round, @: 4 and 10 n

Hot glassbead sterilizer steri 350
Infra-red lamp

Micropipette puller for virus injection pipettes; R
97

Parafilm

Petri dishes (&: 30 mm)
Pipette beveling apparatus

Pressure micranjection system
RapidFiltermax, 0.22um Pore Size, Nr. 99505
Scalpel blades #11

Skin hooks

Stereotaxic apparatus

Sterile surgical gloves
Sterile single use syringe 1ml

Student Iris Scissor, 11.5 cm, straight

Sugi® versatile cellulose sponge matedialile

Curasan (Kleinostheim, Germany)
Hilgenberg, cat. no. 1408472 (Waldkappel,
Germay)

Menzel GmbH (Braunschweig, Germany)

World Precision InstrumentSarasota, USA
Hoffman Group (Munich, Germany)

MPI Neurobiology machine shop, design see re
(Martinsried, Germany)

Custom design (Martinsried,  Germany)
commercial alternative e.g. CWE, cat. iG1000
Sigmacat. n0.Z378585EU (Missouri, USA)
Glamox Luxo GmbH (Bremen, Germany)
Sutter Instruments (California, USA)

Sigma, cat. no. P779Blissouri, USA)
Greiner BieOne (Kremsmiunster, Austria)
Qustom desyn based on computer hard dis
modification (Canfield 206) (Martinsried,
Germany)

Toohey Company (New Jersey, USA)

TPP Rapiditasadingen, Switzerland)

Fine Science Tools GmbH, cat. 1@01100
Qustom; injection needles with bend tips for
retracting skin; commercial alternative e.g.
EliteMedical

Custom(Martinsried, Germany)}commercial
alternative e.g. KOPF, cat. no. 940
Semperguard (Wien, Austria)

OMNICAN®, B. Braun Melsungen AG (Melsun
Germany)

Fine Science Tools GmbH, cat. 9146011
(Heidelberg, Germany)

Kettenbach Medical (Eschenburg, Geryian
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2.2.2 Intrinsic optical signal imaging equipment

Equipment

Supplier

Homeothermic blanket with rectal probe

FiberCoupled LED, 530 nm
FiberCoupled LED, 735 nm
scAl140e17gm CCD camera
XL Fluor x4/340, 0.28 NA, air objective

Harvard Apparatus (HollistomMassachusetts, US/

Thorlabs (Dachau, Germany)
Thorlabs (Dachau, Germany)
Basler AG (Ahrensburg, Germany)
Nikon (Tokyo, Japan)

2.2.3 In vivo2-photon calcium imaging equipment

Equipment

Supplier

In vivobenchtop 2photon setup, Bscope
CFI75 LWD x16, O\, water immersion
objective

Controller for Pockels cell, model 302RM
Dichroic beam splitter, 560 nm

Emission filter 525/5@5 nm bandpass filter
Emission filter 607/7€25 nm bandpass filter
Emission filter 720/25 nm short pass filter

Epifluorescence rmroscope Lumar.V12 Stereo

GaAsP photomultiplier tubes, H7422P
Image acquisition software: Scanlmage 4.2
(Pologruto et al. 2003)

Image processing softwe

MaiTai HP DeepSee Ti:Sapphire laser

P-726 PIFOC® high load objective scanner
PCI Digitizers, 125 MS/s
Photodiode PDA100AEC)
Pockels cell, model 3580

Thorlabs (Dachau, Germany)
Nikon (Tokyo, Japan)

Semrock (Rochester, USA)

Conoptics (Danbury)SA)

Semrock (Rochester, USA)

Semrock (Rochester, USA)

Semrock (Rochester, USA)

Zeiss (Oberkochen, Germany)

Hamamatsu (Herrsching, Germany)

Vidrio Technology (Janelia Farm, Virginia, USA

Image JWayne Rasband, National Institutes
Health (Bethesda, Btyland, USA)
SpectraPhysics/Newport (Santa Clara, Califorr
USA)

Physik Instrumente (Karlsruhe, Germany)
Alazartech (Point€laire, Canada)

Thorlabs (Dachau, Germany)

Conoptics (Danbury, USA)
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2.2.4 Brain slice preparation equipment

Equipment Supplier

2x lightshielded slice incubation chambers | Qustom incubation chamber wrapped wit
aluminum foil

525555 nm, emission filter, 59660 nm BLS Biological Laboratory Equipment (Budag
Hungary)

Dumont #5 Forcepéssorted Styles straight

Filter paper, round, @: 110 mm
Fine scissors

Glass capillaries for patalamp recording
pipettes (&: 1.5 mm, thicknes8:3 mm)

Glass coverslips, round, @: 12 mm, thickne
0.13 mm

Micropipette puller for patch pipettes PC10
Miners lamp with light source, excitation filter

Razor blade
Small Spatula

Standard Pattern Forceps
Thin razor blade Razolution for vibratome

Tissue Flotation Bath
Vibratome (VT1200S)

Fine Science Tools GmbH, cat. no. 11P®
(Heidelberg, Genany)

Whatman (London, UK)

Fine Science Tools GmbH, cat. no. 1409(
(Heidelberg, Germany)

World Precision Instruments, cat. iBW150F3,
Sarasota, USA

Menzel GmbH (Braunschweig, Germany)

Narishige (Japan)

BLS Biological Laboratory Equipmé@aidapest,
Hungary)

Martor (Solingen, Germany)

VWR, cat. no. 232151 (smaning, Germany

Fine Science Tools GmbH, cat. no. 13108(
(Heidelberg, Germany)

Simbatec (Solingen, Germany)

Medite (Chicago, lllinois, USA)

Leica (Wetzlar, Germany)

2.2.5 In vitro imaging, opte and electrophysiology equipment

Equipment

Supplier

2-color combiner (RB42F1)

In vitro benchtop 2photon setup, Ascope
(setup B)

2xXCCD camera RetigaXi

Thorlabs (Dachau, Germany)
Thorlabs (Dachau, Germany)

QImaging (Surrey, Canada)
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CFI75 LWD x16, 0.8 NA, water immers
objective

2x controller for Pockels cell, model 302RM
Fibercoupled laser sources: 473 and 637 |
(S3FCA473, S4FC637)

Fibercollimator F230FEA)

Image acqisition software: Scanimage 4.2
Image processing software

LSPS acquisition software: Ephus
LUMPIan x60, 0.HA water immersion objectivi
LUMPIan x40, 0.8 NA water immersion object
MaiTai HP DeepSee Ti:Bhipe laser

2x mechanical shutter (VMiD1)

Neutral density filter (NEO3A)

Neutral density filter wheelNDG50G4M)
2x Patchclamp amplifier Multiclamp 700 B

PCI Digitizers, 125 MS/s

Perfusor

2x Reristalticminipump
2xPhotodiode PDA100AEC)

2x Pockels cell, model 38D
UPlanFLN x4, 0.13 NA air objective
Upright microscope (BX serjesetup A
UV laserA (3500series)

UV laseB (Explorer One)

2.2.6 Reagents and solutions

Reagent

Nikon (Tokyo, Japan)

Conoptics (Danbury, USA)
Thorlabs (Dachau, Germany)

Thorlabs (Dachau, Germany)

Vidrio Technology (Janelia Farm, Vi@ USA)
Image J, ref 23 Wayne Rasband, Natic
Institutes of Health (Bethesda, Maryland, US/
Vidrio Technology (Janelia Farm, Virginia, US
Olympus (Tokyo, Japan)
Olympus (Tokyo, Japan
SpectraPhysics/Newport
California, USA)

(Santa Clar

UniblitzVincent AssociatefRpchester, USA)
Thorlabs (Dachau, Germany)

Thorlabs (Dachau, Germany)

Axon Instruments, Molecular Devices (Califorr
USA)

Alazartech ( Point€laire, Canada)

B. Braun Melsungen AG (Melsungen, Germal
Gilson(Middleton, WI, USA)

Thorkbs (Dachau, Germany)

Conoptics (Danbury, USA)

Olympus (Tokyo, Japan)

Olympus (Tokyo, Japan)

DPSS Lasers, In&dnta Clara, California, USA)
SpectraPhysics (Santa Clara, California, USA

Supplier

70% (vol/vol) Ethanol
96% (vol/vol) Ethanol
Alexa 594

Cadl

VWR, cat. no. 9706468 (Darmstadt, Germany
VWR, cat. nal59010(Darmstadt, Germany)
Thermo Fisher, cat. no. A1043@Munich,
Germany)

Sigma, cat. no. 2111Missouri, USA)
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Carbogen (95% (vol/vol) 2% (vol/vol) C£
CsMeSQ

Dental cement Paladur®

Disinfectant Mikrozid® AF liquid
Ethylenebis(oxyethylenenitrilo)tetraacetic aci
(EGTA)

Eye cream IsoptiMax

Glucose

HEPES

Histoacryl® cyanoacrylate

lodine solution Braunol®7.5

KCI

K-gluconate

KRPQ

MgCh

MgSQ

MNI-L-caged glutamate

NaATP

NaCl

NaGTP

NakPQ

NaHC®
NaL-ascorbate
NaOH
Naphosphocreatine
Neurobiotin tracer

Pattex® Ultra Gel

Poly-D-Lysine hydrobromid

Red retrobeadsTM IX

Sterile electrolyte solution Sterofundin®
Sterile saline 0.9% (wt/vol) NaCl
Sucrose

Tamoxifen

UHU® super glue liquid
Ultrasound gel

Drugs

4-AP

Atipamezole Antisedan®

Merck, cat. no. C1426 (New York, USA)
Heraeus Kulzer GmiHanau, Germany)
Schilke lorderstedt, Germany)

Sigma, cat. nd=3889(Missouri,USA)

Alcon Pharma GmbH (Freiburg, Germany)
Carl Roth, cat. no. X997 Rarlsruhe, Germany
Carl Roth, cat. no. HN77(Rarlsruhe, Germany
Aesculap AG

B. Braun Melsungen AG

Sigma, cat. no. 6013Missouri, USA)

Sigma, cat. no. G45@Missouri, USA)
Merck,cat. no. 104873

Sigma, cat. no. 630GMissouri, USA)

Merck, cat. no. 105886 (New York, USA)
Tocris, cat. no. 1490 (Bristol, UK)

Sigma, cat. no. A2388lissouri, USA)

VWR, cat. no. 47036222 (Darmstadt,
Germany)

Sigma, cat. no. 511ZMissouri, USA)

Merck, cat. no. 106346(New York, USA)
Merck, cat. no. 1063290New York, USA)
Sigma, cat. no. A763Missouri, USA)

VWR, cat. no. SSO5@Darmstadt, Germany)
Sigma, cat. no. P793®lissouri, USA)

Vector labs, cat. no.SR1120 (Burlingame,
California USA)

Henkel AG & Co. KGé&Barching, Germany)
Sigma, cat. nd?6407(Missouri, USA)
Lumafluor (Durham, North Carolina, USA)

B. Braun Melsungen AG (Melsungen, Germa
B. Braun Melsungen A@®lelsungen, Germany
Merck, cat. no. 107687 (New York, USA)
Sigma, cat. no. 2758 {Missouri, USA)
UHU(Buehl, Germany)

Dahlhausertkoeln, Germany)

Sigma, cat. nol'5648(Missouri, USA)
Orion Pharma (Espoo, Finland)
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Bicuculline Sigma, cat. no. 1434Missouri, USA)
Carprofen (RimadyI®) Zoetis (Madison, New Jersey, USA)
Fentanyl HEXAL AG (Oberhaching, Gany)

Flumazenil HEXAL AG (Oberhaching, Germany)
Isoflurane Forane Baxter (Deerfield, lllinois, USA)
Medetomidine Dormitor® Orion PharmgEspoo, Finland)

Midazolam Ratiopharm(Ulm, Germany)

Naloxone Ratiopharm(Ulm, Germany)

QX314chloride Alomone labs, cat. n@-150 (Jerusalem, Israe
Tetrodotoxin (TTX) Tocris, cat. no. 1078 (Bristol, UK)

Xylocaine liquid (Lidocaine 1% (wt/vol) | AstraZenec#@lLondon, UK)
epinephrine 1:100,000 solution)

The following solutions were prepared:
Sterile cortex buffer

125 mM NacCl, 5 mM KCI, 10 mM glucose, 10 mM HEPES, 2 mNRGdQM CaG) and 2 mM MgSg2
ml 1M MgS@) were dissolved in 1 | distilled:® and then passed through a sterilization filter. The buffer

was maintained at pH 7.4.
Sterile phosphate buffered saline (PBS)

137 mM NacCl, 2.7 mM KCI, 10 mM BRE and 1.8 mM KEHPQwere dissolved id | distilled HO and pH
was adjusted to 7.4 using NaOH.

4% (wt/vol) Paraformaldehyde (PBA

40 g PFA were dissolved800 ml distilled O and 10 ml 1 M NaOH was added over low heat (mak(350
until the solution clearsThe solution was cooled down, 100 ml 10x PB®evadded and the pH was
adjusted to 7.4 with 1 M HCI. The solution was filled to 1000 ml with distij@daAd then filtered through

a sterilization filter.
Medetomidin/Midazolam/Fentanyl (MMF)mix

The following concentrations were used: Fentanyl, Ot@pkg; Midazolam, 5 mg kj Medetomidin, 0.5
mg kgt mix. For this, 0.005 mg khbbf Fentanyl, 0.5 mg fiiiMidazolam and 0.05 mg FhIMedetomidine

were added to sterile saline.
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Atipamezol/FlumazenilNaloxon(AFN)mix

The following concentrations weresed: Naloxone, 1.2 mg kgFlumazenil, 0.5 mg KgAtipamezole, 2.5
mg kg'. For this, 0.12 mg filof Naloxon, 0.05 mg filFlumazenil and 0.25 mg thitipamezole were

added to sterile saline
Fluorescent beads

Fluorescent beads were diluted 1:10 lieither sterile cortex buffer or distilled.B. The beads were
stored in a lightshielded 0.5 ml Eppendorf tube at 4°C.

Cutting solution

Carbogenated (95%vol/vol) O, 5%(vol/vol) CQ): 85 mM NaCl, 75 mM sucrose, 2.5 mM KCI, 23 mM
glucose, 1.25 mNllabkPQ, 4 mM MgCl 0.5 mM Cagand 24 mM NaHG310-325 mOsm. This solution

was prepared fresh on the same day as the brain slicing was performed.
Extracellular recording solution (ACSF)

Carbogenated (95%,(6% Cg): 127 mM NacCl, 2.5 mM KCI, 26 mVHCD, 2 mM CaG| 2 mM MgCGl
1.25 mM NakPQ and 11 mM glucose, 38515. This solution was prepared fresh on the same day as the

brain slicing was performed.
Csbased intracellular recording solution

122 mM CsMeSH4 mM MgGl 10 mM HEPES, 4 mM-NaP0.4 mM NaGTP, 3 mM N&-ascorbate, 10
mM Naphosphocreatine, 0.2 mM EGTA, 5 mM-8214, 0.30.5%(wt/vol) Neurobiotin tracer and 0.03
mM Alexa 594, pH 7.25, 2890 mOsm. Theolution was filtered, aliquoted (~70 ul) and stored2@°C.

K-based intracelllar recording solution

126 mM Kgluconate, 4 mM KCI10 mM HEPES, 4 mM MJP, 0.3 mM N&TP, 10 mM Na
phosphocreatine, 0-8.5%(wt/vol) Neurobiotin tracer and 0.03 mM Alexa 594, pH 7.25,-2906 mOsm.
Thesolution was filtered, aliquoted (~70 ul) and stored2@°C.

MNI-cagedL-glutamate

A 50 mM stock solution was prepared by adding distillegd.H0 ul aliquots were prepared andstd at
-20°C.
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The following equipment was prepared:
Poly-D-lysinecoated coverslips

Coverslips were washed in 9§¥%ol/vol) ethanol. PolyD-Lysine hydrobromide was dissolveddistilled
HO to 1mg/ml, aliquoted to 1 ml and stored &0°C. PolD-lysine stock solution was then diluted 1:10
with distilled HO. A drop ofL00 ul was added on each coverslip in a péish on filter paper and then

left to dry completely. The petdish was covered and sted in a dark place.
Gelfoam pieces

Gelfoam pieces were cut into ~ 7 riblocks and soaked in sterile cortex buffer.
Bhanol bath

Round coverslipgrere sterilized and stored in 7080ol/vol) Ethanol in a petri dish.

2.3 Methods and approaches

All experimental procedures were carried out in compliance with institutional guidelines of the

Max Planck Society and the local government (Regierung von Oberbayern).

2.3.1 Virus dilution, mixing and loading

AAV2/1.CamKIl0.4.Cre.SV40 (start tife8 x 163GC per mlwas dilutedwith sterile PBS 1:2000
1:3000, leading to a final titer of 6 x %09 x 10 GC per mINext, AAV2/:SynFLEXnRuby2CSGP2A
GCaMP6RWPRESV40 (starttiter: 2.9 x 16® GC per ml) was mixed 1:1 with the miduted
AAV2/1.CamKII0.4€in a sterile 0.5 ml Eppendorf tube. The total volume was 4 pl and the final titer of
AAV2/ESyrFLEXNRuby2CSEP2AGCaMP6RrWPRESV40 wad.4 x 163GC per ml.

For the virus and bead injection pipettes, long tapered glass capillaries were markedswéle a
at 1 mm intervals using a fine permanent markeor the given glass capillaries 1 mm length corresponded
to a volume of 45 nIThe glass capillaries were pulled (puller:&#(; the tip was broken off using fine
forceps (Dumont #5 Forcegsssorted §les straight) and then beveled using a modified computer hard

disk apparatus (45° angl€anfield (200§) The tip openingvas 4050 um for the virus injection pipettes
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and 80100 pm for the bead injection pipettes. In addition, several pipettes with blunt opening were used
for cranialwindow stabilization (see sectich3.2).

A 2l drop of virus mixture was then pipetted onto a prat piece of parafilm. A virus injection
pipette was placed it the holder of a stereotaxic arm and connected to an@(syringe via thin plastic
tubing at the top end. The pipette tip was then carefully immersed into the virus drop under visual control
using a dissecting microscope. About WD nl of virus mixturevas frontloaded into the pipette by
applying negative pressure with the-2@l syrirge. After loading, suction was released and tigefie tip

was retracted from the virus drop. Multiple glass capillaries were loaded in a similar way.

2.3.2 Head bar mounting|OS imaging, virus injection and window implantation

Surgeries were performed on female C57bl/6 mice (postnatal daysPB2y that were
intraperitoneally (i.p.) anesthetized with MMF mix (0.010 il d\dditional drugs applied were Carprofen
(4mg/kg, subutaneous (s.c.)) before surgery (also on first day of-poggical recovery) and Lidocaine
(10%, topical to skin prior to incision).

Head bar mounting

The surgery area as well as the surgical equipment were disinfected prior to surgery. Surgery tools
were heat sterilized multiple times during the surgery. Once the animal showedatheshesiandicated
by the loss of responses to toe pinches, the animal was placed on a heat mat and mounted in a stereotaxic
frame. Eyecream was applied to keep the eyemist during the time of surgery. The top of the mouse
skull was visualized using a dissecting microscope at a low magnification (x10 to X88es&gure2.1).

Then, the skin was disinfected using%0Ethanol and 7.% iodopovidineKigure2.1A1). Using SscCisss

and forceps, a section of skin over the right hemisphere starting from the dorsal scalp was removed so
that bregma, lambda and the sutures were expodedire2.1A2 and R). The remaining skin edges were

held back by skin hook&igure2.1A4, yellow arrowps Periosteum tissue was carefully scraped from the
skull using fine foreps, a scalpel as well as Sugis and part of the muscles wetgguite.1A4 and A5,

blue arrow3. Next, thin lines on the skull of the left hemisphere were scraje@nsure a better
attachment between dental cement and bonkEidure2.1A6). Following this, a custom machined metal
head bar (oval with an 8 mm opening and two scremches) was carefully placed and angled over the
binocular zone of the primary visual ardadqure2.1A7). The head bar was initially mounted with super

glue and tlen fixed to the skull with dental cement sparing the area of interésjure2.1A8). A premixed
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solution containing cortex buffer and ultrasonic gel was applied on the mouse skull and a 10 mm cover

glass was placed on top of the head bar for IOS imagiggre2.1A9).

Figure2.1 Surgial steps

A1-A3: Mounting of animal, disinfection of skinskin removal and cleaningd4-A6. Skin hook
placement (A4, yellow arrowsiemporalismuscle (A4 and A5, blue arrow) and periosteum remo\
A7-A9: Head bar placement, head bar fixation with dental cement and window placement for
imaging. A10-A17: Marking of circular craniotomy and region of interest (A11, green arrow) with-hz
held biopsypunch and drilling of bone flap removal grooves (Al@etarrows). Removal of bone fla
with handheld drill and fine forcepsA18-A24: Single viral injection into the binocular zone of V1 a
fluorescent bead injectionsA25-A30. Window placement and mounting of the glass window usi

stabilizer micropipetteHistoacry®(A27, blue arrow) and dental cement (scale bars: 1 mm).
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IOS imaging

IOS imaging during the surgery was used to locate the binocular cfotine visual cortex for
subsequent targeted virus injection. For 10S imaging, the optical axis was orthogonal to the head bar for
each animal. The brain surface was first illuminated with light of 530 nm to visualize the blood vessel
pattern and subsequety with 735 nm to localize the BZ. Images were acquired using an x4 air objective
(NA 0.28, Olympus) and a high speed CCD camera (12 bit, 250x348 pixel, 40 Hz). The camera was focused
to ~500 um below the pial surface. Image acquisition and analysis aeftwere custom written in
Matlab.

A patch with a size 20° x 40° was displayed randomly to either the left or the right mouse eye at
two distinct positions next to each other in the central visual field. The patch was a sinusoidal grating
displayed in eilgt directions for 7 s (the orientation of the grating was changed every 0.6 s) with a temporal
frequency of 2 cycles/s and a spatial frequency of 0.04 cycles/degree. A blank grey screen (50% contrast)
was displayed for 5 s between each stimulus presentiatiodividual trials were separated by 8 s and the
entire stimulus sequence was repeated at least 2 times per eye and patch position during the surgery and
at least 3 times per eye and patch position during the firstivoimaging session.

Craniotomy

After 10S imaging, the mouse a s.c. injection of MMF mix (0.0025')mVag performedto
maintainanesthesiaThe cortical area of interest (determined by 10S imaging) was marked with a pen or
scalpel blade and a circular craniotomy (4 mm diameter) erexdt over the binocular zone of the right
primary visual cortex was performedrigure 2.1A10 and Al11). The craniotomy was made using a
combination of a handheld biopy punch Figure2.1A10) and a higlspeed micro drill. To facilitate
removal of the bone with forceps after drilling, two small holes (~0.5 mm apart from each otheg) we
drilled into the central flap of skull without full perforation of the borkégure2.1A12, blue arrows). After
drilling, fine forceps were inserted into the two drilled holes without perforation and the bone flap was
carefully lifted and removedHgure2.1A13-A16). Small gelfoam pieces were applied on the cortical
surface preventing the brain from drying olfigure2.1A17).

Virus injection

The premixed virus (see Material and Methdi8.1) was injected 20600 um below the pial

surface at a single site in th@nocular zone of V1 (5000 nl/injection, ~ 10 nl/min ejected by pressure

pulses at 0.2 Hz controlled by the pulse generator Ma8}eiThe exposed brain surface was kept moist
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using sterile cortex buffer during the entire injection procedure. The gigssite was then carefully
retracted 23 minutes after the virus injectiorF{gure2.1A18A20).

Next, diluted fluorescent retrobeads (1:20 with ddH Lumafluor Inc.) were directly frontloaded
from a 0.5 ml Eppendorf tube into a glass capillary. The beads were then presgatedn(1020
nl/injection, 5 nl/min) medial and lateral (optional: caudal and rostral) to the virus injection site at a
distance of ~1500 pum from its centréigure2.1A21-A24).

Cranial window implantation

The craniotomy was then covered with a glass cover slip that was held in place with a glass
capillary as window stabilizeFigure 2.1A25 and A26). The window was sealed flush with drops of
histoacryl Figure2.1A27 and A28, blue arrow). Thead bar and cover glass were then further stabilized
by the addition of dental cemenE{gure2.1A29-A30).

After surgery, the animal was injected s.c. with saline (500 pl) andrtbsthesiavas antagorded
by i.p. injection of Naloxone (1.2 mgRgFlumazenil (0.5 mg ®pand Atipamezole (2.5 mg Ky

The animal was placed batkits home cage and celgere allowed to express the virus for at

least 2 weeks beform vivoimaging.

2.3.3 In vivoimaging

2.3.3.1 Anesthesia

Mice were initially anesthetized with an i.p. injection of MMF mix (0.006'ml&dditional MMF mix (25%
of induction level) was injected s.c. ey&560 mins to maintain the level ahesthesiaMice were fixated
under the microscope by screwing the metal hgddte to two posts and stable thermal homeostasis was
guaranteed by using a heated blanket throughout the imaging session. Eye and psipidnsowere

recorded with two cameras throughout the imaging sessions.

2.3.3.2 Two-photon calcium imaging
Beforein vivo 2-photon imaging,low magnification overviews of the cranial window of each
animal containing the location of the virus bolus, the fluoresd®ad tracks and the blood vessel pattern

were acquired using an epifluorescence microscope ksgere3.8, Figure3.10).
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Neurons ceexpressingGCaMP6mand a bright structural marker mRubyghRuby2CSGEP2A
GCaMP6m were imagedin vivoas well as afterward@ vitro using a tunable pulsed femtosecond
Ti:Sapphire laser. The principal setup of the microscope and the light path is shbignre2.2B.

For thein vivoexperiments, the-photonf | 8 SNJ g1 a {GdzySR G2 <Tdnn YY
excite GCaMP6m and mRuby&n x16 0.8 NA water immersion objective was used to detect red and
green signals. The excitation light was short passed filtered (720/25-gass) and the emitted photons
passed through a primary beam splitter (FF560 dichroic), green and red band pasofilteiGaAsP
photomultiplier tubes.

Multiple imaging planes were acquired by rapidly moving the objective in-theszusing a high
load piezo scanner. The image wohe for functional cellular imaging was 250 x 250 x 100 with 4
inclined image planes that were each separated by 25 um in depth (Figure 3.9 A). Imaging frames of 512
x 512 pixels (pixel size 0.49 um) were acquired at 30 Hz by bidirectional scanaim@ &Hz resonant
scanner while beam turnarounds were blanked withedectro-optic modulator(Pockels cell). Imaging
was performed between 15800 um below the pial surface. Excitation power was scaled exponentially
(exponential length constant ~150 um)itkv depth to compensate for light scattering in tissue with
increasing imaging depth. The optical axis was adjusted to be orthogonal to the cranial window in each
animal.Scanlmage 4.@ologruto et al. 2003nd custom written hardware drivers were used to control
the 2PLSM microscope.

After the functional characterization of neurons, at least two higholution structural image
stacks with different fitel of view sizes (low and high) were acquiree &40 nm/1040 nm. These stacks
were acquired from the pial surface to L5/L6 and contained the functionally characterized L2/3 pyramidal
cells of interest. These structural stacks usually consisted of 13etdidns (512 x 512 pixels) with a pixel
size of 0.5 um collected insteps of 1.4 pm (resulting in an imaged volume of 256 x 256 x 63D An
350 sections (512 x 512 pixels) with a pixel size of 1.9 um collectestépsz of 2 um (resulting in an

imaged volume of 972 x 972 x 700 fm

2.3.3.3 Visual stimulation

Visual stimuli were generated using the MATLAB Psychophysics Toolbox extension and displayed
on a gammecorrected LCD monitor (http:/psychtoolbox.org). The screen measured 24.9 x 44.3 cm, had
a refreshrate of 60 Hz and was positioned in portrait 13 cm in front of the eyes of the mouse. The monitor
was adjusted in position (rotation and tilt) for every mouse to cover the binocular visual field of the mouse

and an OpenGL shader was applied to correcttie increasing eccentricity on a flat screen relative to
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the spherical mouse spad®arshel et al. 2011)Monocular stimulation of the eyes was achieved by
servomotor driven eye shutters that were operated by a microcontroller (see:

http://csflab.nin.knaw.nl/protocols/eyeshuttes) and MATLAB.

A B
Circuit mapping setup 2-photon setup
Primary beam path
MS
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Figure2.2 Imaging and electrophysiological setups
A Circuit mapping setup (setup B) for UV photostimulation and dual color optogenetics. Only primary LSP

path of UV laser light displayed. Secondaph®ton imaging beam path is comparable tpRoton-setup shown
in B. See text for further explanatioRFL: red fiber coupled laser; BFL: blue fiber coupled laser; FC: fiber cc
DM: dichroic mirror; PD: Photodiode; MS: Mechanical shutter; SCM: galvanometric scanner; SCL: scan le
Camera; TB: tube lens; OB: objective; SP: Specimen; CO: Gandehstransmission lighB 2-photon setup.
PC: electreoptic modulator; M: silver mirror; TL1/TL2: telescope lenses; MS: Mechanical shutter;
galvanometric scanner; SCL: scan lens; TB: tube lens; DM1/DM2: Dichroic miBroobjeative; SP: Specime
CO: Condensr; TrL: transmission light; CL: collector lens; BF1/BF2: -pass filters; PMT1/PMT2

photomultiplier tubes.In vitroapplication for secondary imaging beam path for circuit mapping setup in A.
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2.3.3.4 Visual stimulation protocols for zphoton calcium imaging

For all visual stimuli presented, the backlight of the LED screen was synchronized to the resonant
scanner to turn on only during the bidirectional scan turnaround periods wheningatata was not
recorded. The mean luminance with 16 kHz pulsed backlight was 0.0% fal/tlack and 4.1 cd/ffor
white.
Ocular dominance, orientation and direction selectivity

The right or left eye was visually stimulated in a random order wsimgsoidal gratings of eight
directions withatemporal frequency of 3 cycles/s and a spatial frequency of 0.04 cycles/degree. In order
to cover the binocular visual space, the visual stimuli were presesite?b® to 25° azimuth andl5° to
35° elevatiorrelative to the midline. Stimulation duration for moving gratings was 5 s interleaved by 6 s
of a fulHield grey screen. Trials were repeated 4 times per eye and direction.
Temporal and spatial frequency selectivity

Full field binocular stimulation waser. Stimulation occurred in a random order using sinusoidal
gratings of eight directions with temporal frequencies of 1, 2 and 4 cycles/s and spatial frequencies of
0.02, 0.08 and 0.16 cycles/degree. Stimulation duration for moving gratings was 3 saveerlgy 3 s of
a fultHield grey screen. Trials were repeated 4 times per spatial and temporal frequency combination and
direction.
Spontaneous activity measurements

Spontaneous activity was measured during 10 min in complete darkness with the moniigr bei

turned off and eye shutters removed.

2.3.4 In vitro experiments

2.3.4.1 Slice Preparation

Wild type C57bl/6 mice (postnatal da8P70 were used forexperiments.In a subset of
experiments aWfs1-Tg2CreERT2 expressing ljs@ck no: 009614background C57bl/6The Jackson
Laboratory)crossed with tdTomato expressing line Ai9 was used for experinfstadisen et al. 2010)
The tdflomato expression was Cre dependent and was triggered by i.p. injections of Tamoxifen (75 puL/10
mg body weight) for 5 days. Slices were prepared at least three days after the last Tamoxifen injection.

Florian Matzniclperformedexperiments with thaNfs1-Tg2CreERT2 mice.
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The cutting solution was cooled down to ~0 °C and slice preparation tools were submerged in the
cutting solution prior to slice preparation. Another 250 ml of cutting solution was heated to 32°C. Both
solutions were carbogenated. To pr@paacute coronal brain slices of the primary visual cortex, animals
were deeply anesthetized with Isoflurane in a sealed container (>100 mg/kg) and rapidly decapitated.

For animals with implanted cranial windows, the metal head bar was carefully rerbgvezlding
the maxillary bone of the mouse with forceps while manually grabbing and carefully twisting the head
until the head bar detached from the mouse head.

The head was then placed into iceld cutting solutionThe brain was exposed by removing the
remaining skull bone using fine scissors, forceps and a small spatula. The dura mater was carefully
detached using fine forceps. The brain was removed with a small spatula blade and then transferred into
fresh icecold cutting solution. The cerebellum agll as the rostral part of the brain were cut away and
the two hemispheres were gently separated by a razor blade. The brain was then glued onto a vibratome
stage and 3280 um thick coronal brain sections were cut in ice cold oxygenated cutting solution

Forin vivo/ in vitro experiments, fluorescent bead deposits and the virus bolus were detected
with fluorescence goggles and used as guidance cues during the slice cutting procedure. The cutting angle
was kept constant across animals and was chosdretas perpendicular to thm vivofield of view as
possible Unlabeledbrain slices were discarded at this point.

Brain slices were gently transferred to a light shielded oxygenated slice chamber containing
cutting solution and then incubated 30 min tchlat 32°C. After this initial incubation period, slices were
kept in recording ACSF (rACSF) (in mM: 127 NacCl, 2.5 KClI, 26,Na€l&8) 2 MgCJ, 1.25 NakPQ and

11 glucose) at room temperature for up to 7 hours.

2.3.4.2 Reidentification of cells and targted recordings

A single brain slice was mounted op@y-D-lysine coateccoverslip and thertransferred to the
recording chamber of tha vitro 2PLSM while keeping track of the rostraudal orientation of the slice.

Forin vivo/ in vitro experiments, the fluorescent bead deposits in the brain slice where used to
locate the area of interest by comparing the recorded distance to the ones obtainega Following
this, a highresolution image stack was acquired from the slice surfaceh& lottom using an x16
objective and a wavelength of 94M40 nm to excite mRuby&canimage 4.@ologruto et al. 2003nd
custom written hardware driers were used to operate thia vitro 2PLSM microscopd hein vitro stack

consisted of 206820 sections (512 x 512 pixels; e&25um per pixel) recorded in z steps e2 um. Asa
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next step, the relative positions of cells and morphological details sadiiand vessel patterns were
compared between the side view of the vivostack and the face view of thi& vitro stack. More
specifically, than vivoas well as then vitro stack were simultaneously opened in ImageJ and labelled
cells were readily redentified just simply based on their unique morphology and dendritic branching
pattern by eye while scrolling through the stacks. In additigoragjections of sections of thim vivoand

in vitrostacks were created (50 sections withrh spacing usingrlage Jand used to compare and match

cell patterns in rojections by eye.

2.3.4.3 LSPSYUV glutamate uncaging

For the uncaging experiments using UV laser light two different setups were used. For clarification
the setups are termed setup A and setupliBcontrast to setup A, setup B had an additiongitbton
laser pathway besides the oqhoton pathway used for Ustimulation. Therefore, setup B was used for
the in vivo/ in vitro experiments. The principal setup of the microscope and light path is sltagme
2.2A.

Coronal brain sliceserevisualized with an upright microscope (setup A: BW51X, Olympus, setup
B: Ascope, Thorlabs) usingfrared Dodt gadient contrast (DGC). Slices were visualized using a low
magnification UV transmissive objective (4x objective lens) and images were acquired by a high resolution
digital CCD camera. The digitized images from the camera were used for registering pho&tisin sites
in cortical brain sections.

MNI-cagedL-glutamate aliquots were thawed and added to-20 ml of circulating ACSF on the
experimental day to obtain a working concentration of 0.2 mM. The bath solution was replaced after 3 h
of recording andbath evaporation was counterbalanced by adding a constant small amount of distilled
H.O to the solution reservoir using a perfusor. A perfusion system ensured a constant fluid level in the
recording chamber.

For in vitro experiments without previous celtharacterizationin vivq pyramidal cells in the
binocular region of V1 were primarily targeted using morphological landmarks and then whole cell
recordings were performed at high magnification using a x60 objective. Targeted pyramidal cells bodies
were & least 50 um below the slice surface.

For thein vivo/ in vitro experiments, Zohoton guided targeted patching was performed on cells
that were matchedn vivoandin vitro.

Borosilicate glass patch pipettes (resistancepf4 a K0 ¢ SNB T aCdhaseRintérdall K S A G |

solution when measuring excitatory and inhibitory postsynaptic currents (EPSC: voltage clamp@d at
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mV, IPSC: voltage clamped ab V) or a Kased internal solution when recording active intrinsic cell
properties. Electrodes alsmntained 30 uM Alexa 594 for detailed mbological visualization usiry

photon microscopy. Once stable whailell recordings were obtained with good access resistance
(usuallyf on aX0 (GKS YAONRaO2LIS 2062S00A @Sriméritsdasia 5 A G OK S
electrophysiological properties were examined in currelmp mode with 1 s long hypemand

depolarizing current injections.

For circuit mapping, the slice was positioned within the CCD camera’s field of view and a stimulus
grid (16 x 16 wh 69 um spacing) was aligned to the pial surface using Ephus soft@iaer et al. 2010)

The location of the cell soma was noted in Ephus. The UV laser power was adjustelbton¥® in the
specimen plane and then the mapping was initiated (1 ms pulses, 1s interstimulus interval). Multiple maps
were recorded in a pseud@ndom fashion whilelamping the cell a70 mV (23 repetitions with change

of mapping sequence during each trial). Optionally, multipk8 {2petitions) inhibitory laminar input
maps were recorded at 0 mV.

On setup A, a DPSS laser was used to generate 355 nm UV lassrfpulglutamate uncaging.

The duration and intensity of the laser pulses were controlled by an elegtioal modulator, a neutral
density filter wheel and a mechanical shutter. The beam of light was controlled using vottagelled
mirror galvanomegrs. An UMsensitive photodiode measured the power of the UV laser beam. A dichroic
mirror reflected the UV beam into the optical axis of the microscope while transmitting visible light for
capturing brightfield images by the CCD camera. The beam pazdeble/scan lens pair in order to
underfill the back aperture of the x4 mapping objective.

On setup B, the UV laser for glutamate uncaging was an Explorer Ofie 386 duration and
intensity of the laser pulses were directly controlled using analog lsigmal the builin software EWin
and a mechanical shutter as well as neutral density filters. Asadgitive photodiode measured the
power of the UV laser beam.

Electrophysiological data were acquired with a Multiclamp 700B amplifier, data acquisition
boards and Ephus. Data were digitized at 10 kHz and stored on a computer.

The spatial resolution of photostimulation was estimated by using excitation profiles. Excitation
profiles describe the spatial resolution of uncaging sites that generate acticmtials in stimulated
neurons. For this, excitatory as well as inhibitory cells in the different neocortical layers of V1 were
recorded in cethttached configuration with the amplifier in currestamp mode. The microscope

objective was then switched from60 to x4 and a 8x8 or 8x16 stimulus grid with 50 or 69 um spacing was
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overlaid on the slice image and the soma location was registered. The imtehss$ interval was set to 1

s and then a map was acquired.

2.3.4.4 Image acquisition for morphologicaimaging

The patch pipette was carefully retracted from the cell after successful recording and filling with
Alexa 594. A detailed structuralghoton image stack of the dendritic morphology of the entire cell was
acquired with excitation light of 810 nm using Seémage 4.2Pologruto et al. 2003)The structural
imagestacks typically consisted of 250 sections (1024 x 1024 pixelB;®8n per pixel) collected in z
steps of 12 um. For cells that contained mRuby2 as structural marker, a second identical image stack was
acquired ak 840/1040 nm. An overlay of the adged stacks (in ImageJ) was then used to verify that the
in vivofunctionally characterized cell of interest was successfuHigleatified, recorded and filled with
Alexa 594.

2.3.4.5 Morphological reconstruction and analysis

The reconstruction of dendritic cethorphology was performed manually using the Simple
Neurite Tracer of ImageJ. Reconstructions were quantitatively analyzed in MATLAB and with the open
source TREES toolb@untz et al. 2011)'he 21 morphological parameters that were extracted are listed
in Table3.2. The features were separated into 2 groups composed of the parameters for the apieal tr
(1-10) and the basal tree (321). The radial distance was measured as the Euclidean distance from the
soma to each section terminal. The total length was measured as the sum of all internode sections of the
neurite. The path length was computed as thagh length from a terminal to the soma. The center of the

somas was defined as the mean distance of all soma pomts the center.

2.3.4.6 Extraction of electrophysiological parameters

Hectrophysiological parameters were extracted using the PANDORA Td¢Gltinay et al. 2009)
and customwritten software in Matlab (also refer tdable3.1 and Figure3.1). The active single spike
parameters were measured using the first spike evoked by current injection (at Rheobase). The extracted

parameters were measured/calculated and defined in the following way:
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1.

10.

11.

12.

13.

14.

15.

Minimal membrane voltage during Afterhyperpoletion (AHP, Mn): This was estimated as the

minimal deflection during the period of the AHP.

Peak membrane voltage of spike,dM: After detecting a single spike, the absolute maximum

voltage of the sgie was considered
Threshold voltage at spike initiation«{(¥n): The voltage at spike initiation.

The maximal slope of the spike (Vslapg The maximal rate of rise of membrane voltage during

the spike rise phase.
Membrane voltage at spike half): Voltage of the spike at halfeight.

Amplitude of the spike @4p): The absolute amplitude of the spike calculated as the difference

between the voltage aVinresh and Vpeak

Maximal amplitude of AHP (ARR: It was measured athe difference betweerthe voltage at

the end of the spike and the resting membrane potential.

Rise time of spike (Spike): Time fora spike to rise from threshold to peak
Fall time of spike (Spil@: Time fora spike to fall from peak to threshold
Entire width of spikéSpikease wiat): The duration of the entire spike.

Half width of spike (Spikgs wian): The duration athe spike hakheight.

First spike latency (FSL): Time toe first spike to occur after current injection (measured at

Rheobase).
Resting membraa potential (Ves)): The membrane potential measured after breéak

aSYOo NI yS (A Y¥8ns)Omdiyvias dstimatad using an exponential fit to the recovery of

the voltage response following hyperpolarizing step currents.

Input resistance, RO a KEstimated ly the linear fit of the4n + O dzNIIS 06 dzi A ¥ 3

and hyperpolarizing pulses).

& dzo (
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16. Sag in percentage (Sag ratip)t =—— , where \&is the voltage at steadgtate, Ves: the

resting membrane potential and\ the minimum voltage reached after hyperpolarizing current

injections 0f-300 pA.

17. Rheobase (pA): The minimum current amplitude of infinite duration required for action potential

generation.

18. Spike frequency,dfHz): The maximum spike numlmivided by tle pulse duration.



Material and Methods 45

2.3.5 dLGN duakolor mapping experiments

2.3.5.1 Intravitreal eye injections

All eye injections were carried out by Joel Bauer and Juliane Jaepel. Eye injections were performed
on female C57bl/6 mice (PZ¥35) that were intraperitoneallgnesthetized with MMF mix (0.010 mit)yg
Before starting the experiment, all surgical instruments were f&eatilized and washed with ethanol.
The34Ginjection needle, 26G virus loading needle and Hamilton syringe firsteinsedwith distilled
H.O several times followed by ethanol and then distillddbO again. Chronos or (AAV2/2.Syn
Chronos.EGFR)hR2expressing AAVMAAV2/2.SyrChR2(H134R).EYRIRY ChrimsoR-expressing AAVs
(AAV2/2.SyrChrimsonR.tdTWwere carefully loaded without adding air intoglidamiltonsyringeusing the
loading needleThe loading needle was then replaced with the smaller injection needle. The eye that was
not injected was covered with eye cream. Ttheget eye was first slightly popped out of its socket and
held in place usig forceps by the connective tissue at the back of the. &jhe eye injection (0.5 tol
injection volume)vas performed in an oblique angle (lateral to medial ~40°) just behind the catlerml
junction in order to avoid damaging the lens. After injent the needle was carefully retracted and the
eye was then covered with eyaream.

Thevirus expressed for at least 4 weeks before the brain slice experiments.

2.3.5.2 LGN slice preparation

The preparation of dLGbbntaining slices of PSB70 old animals wasmilar to the visual cortex
slice preparation described isection2.3.4.1 The expression span of ChrorelSFP/ChR2YFP and
ChrimsoirtdTomato within the dLGN &s screened using fluorescent detection googles with different
excitation light and filters (green and red) during the slice preparation. Only slices with sufficient
transduction of ChroneeGFP/ChRYFP and ChrimsBiidTomato were considered for experimts.

Brain slices were used for up to 6 hours.

2.3.5.3 Dualcolor stimulation
Coronal brain slices containing the dLGN were mounteganD-lysine coateccoverslips and

then transferredto the slice perfusion chamber and visualized with an upright microsceipg infrared
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differential interference contrast optics (iDIC). Slices were visualized using a low magnification
transmissiveobjective &4 objective lens) and images were acquired by a high resolution digital CCD
camera (only Setup B was used for thespegiments).
An overview 2ohoton image stack of the dLGN was obtained usiri0 nm to simultaneously excite
eGFP/eYFP and tdTomato.

Whole cell voltagelamp recordings of TC neurons were performed with borosilicate glass patch
pipettes (resistance of-p a K0 T A théas&mntednal spkitior. Ehe cell was held 2@ mV and/or
+40 mV to assay the AMPARediated and NMDARediatedEPSE respectively. Series resistance was
dzadzr t f& 06St2¢ on aKd 9ELISNAYSyYy(a 4@degor addgofi® Ny SR
bicuculline (20 uM) to block inhibitory disynaptic connections.

For dualcolor sCRACM experiments, 1 ms light pulses were delivered in a pssndiom fashion
on an 8x8 stimulus grid through an x4 or an x40 objective. The grid speamf0 um both in x and y
when using the x4 objective and 30 um in x and 25 pm in y when using the x40 objective. The mapping
was controlled using Ephus software. Sequespecific activation during multiple repetitions was
avoided by flipping and rotatgthe stimulus pattern between maps. For sSCRACM experimeAB, (@00
pM) and TTX (1 uM) were added to the recirculating bath.

For widefield duatcolor photostimulation, a single ftfileld laser pulse (1 ms duration) was used
in order to map the netymaptic input to the recorded cell.
For each cell, the laser power was adjusted to cause reliable EPSCs without overstimulation. Blue laser

powers ranged from 20 to 800 uW and red laser powers from 500 pW to 2 mwW

2.3.6 Data Analysis

2.3.6.1 Intrinsic optical imaging

Customwritten Matlab software was used for acquisition as well as data analysis. First, acquired images
were highpass filtered and giped (1.5%) to calculate blaigorrected image averages for each condition.
Additionally, a threshold criterion (imadpackground mean + 4 x standard deviation) was set to determine
the responsive region within the averaged imagée mean background value of the nm@sponsive
region was subtracted from each pixel and all pixel values within the responsive area wereduomm

obtain an integrated measure of response strength.
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2.3.6.2 In vivo2-photon image Analysis

Customwritten Matlab software was used for image and data analyEe calcium indicator in
combination with a structural marker gave the possibility to performiomaetric imaging. Irage
sequences were fuffame corrected for tangential drift and small movements caused by heart beat and
breathing. An average of 160 image frames acquired without laser excitation was subtracted from all
frames of the individual recding to correct for PMT dark current as well as residual light from the
stimulus screen.

Cell body detection was based on the average morphological image derived from the structural
channel (mRuby?2) for each recording session. ROIs (Region of interesgraen manually, annotated
and reidentified in subsequent imaging sessions.

The fluorescence time course of the area within the loetly was calculated by averaging all pixel
values with the ROI on both backgrouodrrected channels. Cell calcium tescwere then lowpass
filtered (0.8 Hz cubff) and the neuropil signal subtracted using a neuropil factor r ofithifesly toKerlin

et al. (2010) The green and red fluorescence signal were estimated as:

"0 QQe 0 QQe 0o i 0Q Qe o0 i
aQQQOR QQe o

O QQo  Oi QQ o | O QQ o | aQQQBIEQQ 0

The ratio R(tyvas then calculated as:
v e "0Qi QO
° Tol aas

Slowtimescale changes were removed by subtracting the&rcentile of a moving 14 s temporal

GAYR2¢6 T RIRWaswacllated asp
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where R was measured over a 1 s period before the visual stimulation as the median of the individual
mean baseline ratio signal of each trial. Visual response® ween extracted from triaveraged
responses as mean fluorescence ratio chamger the full stimulus interval.

To determine visual responsiveness, a one way ANOVA was performed over atjeaver
stimulation trials per orientation as well &speriods for each eye in the case of monocular stimulation.
For binocular stimulation, a one way ANOVA was performed over all averaged stimulation trials per
condition as well ag periods. In both case neurons withp-values < 0.05 were identified as visually
responsive.

Orientationttuned cells were defined as neurons that showed a significant difference in
responsiveness (p < 0.01, one way ANOVA) to all presented grating directions in the ipsilateral
contralateral or both eyes. The calculation of stimulus selectivity was performed espeyific responses

that were significant in 5@ of the trials of at least one stimulus direction of a single eye exposure.

2.3.6.3 Visual feature analysis
Ocular dominance

OD was determined by the OD ind®&@) for each individual cell:
yY.

<

} ’o"o'Y weeol w TQ”' Q
v Neiioi o Yoni o
v WwEEOl W v Qni

Where an ODValue of 1 orl displays exclusive contrand ipsilateral dominance, respectively.

Orientation and direction tuning

Global orientation selectivity index (gOSI) was computed-agréular Variance (circ. Var.):

[P Y T wmey. W BIY_!Q
and global direction selectivity index (gDSI) was computed as
. . BY—1Q
NQOYP Q@ dWwd ————
BY —
'Y — is here the mean response to the direction angle- . Perfect orientation/direction

selectivity is indicated ith gOSI/gDSI of 1 whereaa gOSIl/gDSI value of 0 indicates no

orientation/direction selectivity.
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Spatial and temporal frequency tuning

SF and TF tuning curves were extracted for all orientations and directioeadbrcell using the
I @S NI 3 fespprseKoweach condition across trials. The spatial and temporal frequency data shown
gl a OFfOdAg  6SR 08& Y Sdspodgblibriéath doridiSon and thdmidede8ninngwwhieh
direction, for a given combination of SF and TF, gave the maximal sespbims generates then a matrix
that depicts the preferred direction for a given SF and TF combination and the intensity of the response,
normalized to each cell when depicted.
Spontaneous activity

The baseline @Rwas calculated by taking thé' @ercentile of a 20 s moving window across the
entire spontaneous activity period, and averaging these values. ThemnthssRIsed in the same way as
the one described above for the visual stimulation protocols to yield k& w

Calcium event detection veaperformed by first taking the derivative of the low passed calcium
trace (cutoff at 5 Hz). An event onset was defined as any point where-#wmed trace crossed a value
of 2.

Population coupling of each cell was estimated by the correlation pf #, traceto the
averagen w gtnace of the rest of the population within the same recording. The population values were
z-scored within each recording to compare data across multiple experiments (comp@iaitoet al.
(2015).

2.3.6.4 Principal component analysis and hierarchical clustering

Principal component analysigPCA Jolliffe (1986)) was used separately on the measured
electrophysiological, morphological, laminar inpats well ason the in vivo functional response
properties to extract the parameter combinations that carry the most variance, and reduce redundancy
in the forthcoming data processing. Individual principal components were selected starting at the one
explainng the most ariance and until their combination explained between8®% of the variance in
the data set. These principal components were then utilized to hierarchically cluster the data. The
distances between points were Euclidean and were grouped basempletelinkage (using MATLAB
FdyOGA2ya GtAylF3sé +yR -of Gistamefod K& distance ttee 18 Befir® N A v S
individual clusters, a shuffle approach was used, where the distributions of the individual parameters are

left intact, but their védues are shuffled independently across cells. This should break the relationship
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between the variables on a cell per cell basis while still preserving the contents of the data set. This
shuffling procedure was performed 1000 times to yield an approximatdiddistribution of the data. The
cut-off distance then was defined as the distance lying at the @rcentile of the null distribution (i.e.

the distance at which in % of the cases, the clusters would be due to random assortment).

2.3.6.5 Analysis of LSPSth
Excitation profiles

The spatial resolution of LSPS by UV glutamate uncaging was calculated based on the size of the
excitation profiles as the mean weighted distance from the soma.ddof AP generating sites using the

following equation:

LSPS input maps

LSPS by UV glutamate uncaging induces two major types of responses: 1) direct glutamate
uncaging responses originating from the direct activation of the glutamate receptors of the recorded
neuron. 2) synapticalljnediated responses originating from the activation of presynaptic neutféigsie
3.15).

Responses to the LSPS stimulation protocol (both for EPSCs and IPSCsamidgiedgn the 150
ms window following uncaging, since this is the time window were evoked activity is normally observed.
Considering the diversity of responses encountered in these experiments, a heuristic analysis scheme was

devisedto address the maigases present:

1) Inactive traces were excluded by only considering those responses with a deflection higher than
2 S.D. over the baseline at any point. Additionally, traces that only had a significant response in
one repetition were also excluded.

2) Then, puely synaptic responses, i.e. those tleatrrespond only to activation of the presynaptic
terminal via uncaged glutamatehe ones of main interest in this studyvere selected by taking
the traces that pass the 2 S.D. threshold only after a 7 ms wiridowthe offset of stimulation.

3) For theresponses that did not pass the previous criterion, manual observation indicated that

several of them presented all the identifiable features of purely synaptic responses but seemed
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to cross the threshold slightly deer than 7 ms. An additional study performed on a subset of
cells, where maps were measured before and after application of TTX (and hence before and after
only direct responses are present) showed that by using a secondary window of 3.5 ms the error
incurred in the small fraction of traces additionally included $%pis ~2®6 (data not shown).
Therefore this secondary window was used to include a second batch of traces into the synaptic
response pool.

4) Finally, those traces that did not pass teecondary window where then blanked, and a 4
RAYSyaArz2ylt AYyGSNIRtFIGA2y YSGK2R o0@Al al! ¢!
temporal profiles based on their neighbor activities in space and time. In the aforementioned TTX
experiments (data notl®own) every position with a response is observed to have a synaptic
component, and their addition is ndinear. Therefore, this interpolation method was used to
extract the synaptic information masked in the original traces by the direct responses. The
approach relies on the fact that the synaptic responses of neighboring positions look similar across
time, therefore indicating that information on the synaptic responses masked by direct responses
is contained in the responses surrounding them. These iotatpd responses were then
incorporated into the maps as synaptic responses, and used in all the forthcoming calculations

and displays.

Spatial overlap of excitation and inhibition
The excitation and inhibition maps were each binarized. The overlap petdayer (L2/3, L4 and
L5) was calculated as follows:
B& 0 Qi a o QR ad

EVLQI OO .
TBOOO RRAQA |

2.3.7 Statistics

Data are reported as mean =* standard error of the mean (SEM) or median * interquartile range
as indicated inindividual figures. Correlation coefficients vier OF f Odzf G SR & t S| NB&R?2
coefficient. Multiple comparisamwere taken into account by usinthe Hochberg correction when
comparing multiple correlation coefficientandthe Bonferroni correctiorwhen comparing data groups
with each other.
Before comparison of data, individual data sets were checked for normality using the Kolmogorov

Smirnov Goodnessf-Fit test. None of the data sets considered in this study was found to be normally
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distributed. Therefore, unpaired nonparametric statistidd/ilcoxon rank sum test dfruskalWallis test
2y NIyla 6AGK . 2yFSNNRYyAQa Llad K20 (S asasterigk® NJ Y dzf (

indicate significance values as follows: *p<0.05, ** p<0*®1p<0.001 (unlessotherwise stated).
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3 Results

3.1 Electrophysiological and morphological classification &f2/3
principal cells inv1

In order to determine whether there are different types of L2/3 PCs based on intrinsic
electrophysiological properties, aaislices of mouse V1 were prepared and 137 neurons were recorded
throughout the depth of L2/3 using the whotell configuration of the patclalamp techniqueFrom the
137 cellsa subset of 58 cells asrecorded ina Wfs1-Tg2CreERT2 expressing mouse lisee Material
and Methods sectio.3.4.]).

Additionally, 189 L2/3 PCs were filled with Alexa 594 in acute slices aindrttvhology was
reconstucted posthoc. From the 189 cellsa subset o5 cells was recorded ithe Wfs1-Tg2CreERT2
expressing mouse line.

Comparison of L2/3 PGstweenwild type andWfs1-Tg2CreERT2xpressingnice did not show
any differances in their extracted morph@ndelectrophysiological properties (data not shovamd were
therefore combined

In a subset of 33 cells both the morphology and electrophysiology data were obtained, enabling

directly correlating the two.

3.1.1 L2/3 principal cell electrophysiologicanalysis

To characterize the electrophysiological properties, the responses of L2/3 PCs to haper
depolarizing somatic current injections were analysegre3.1). Typically, £ spikes appeared at the
first suprathreshold current pulse (Rheobadegure3.1A). A single spike trace evoked at the first supra
threshold current pulse is deglied at the bottom inFigure 3.1A (insets i and ii). Thextracted
electrophysiological parameters such as spike peak amplitude, (Warameter 6) and spike width
(Spik&ase width Spikeart widin, parameters 10 and 11) as well as maximal AHP amplitudentAidBrameter
7) and further parameters are highligéd with numbers and their corresponding abbreviations (see also
Table 3.1 and Material and Methodsection 2.3.4.6 for further explanation on the definitions and
calculations). The voltage response to a hyperpolarizing current pulse is sh&iguie3.1B. By fitting
an exponential curve to the decay of the voltage response after the end of the current injection, the

membrane time constant, (parameter 14) was estimated for each of the redmd L2/3 PCs A
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representativek # curve with a linear fit is shown Figure3.1C. The input resistand&n (parameter 15)

was estimated from the slope of then&ar fit & V/I) for each neuronKigure3.1C).
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Figure3.1 Electrophysiological features of L2/3 principal cells in V1

AlLeft,example of a recorded L2/3 PCs (scale bar: 50 um). Right, voltage response to a depolarizing stef
of 120 pA (current step thatveked first spike(s), Rheobase) for the cell displayed at the left (scale bars: 2
50 ms). The dotted boxes labelled with i and ii refer to the insets shown at the bottom. Bottom;indoto

individual parts i and ii of a single spike. Displayedfaeeextracted electrophysiological features labelled wi
the corresponding number and abbreviation (see alection2.3.4.6and Table3.1). B Left,voltage response to
a hyperpolarizing step current e800 pA (scale bars: 5 mV, 50 ms). Right, inset i displays the extracted \
used for calalation of the voltagesag (see sectio.3.4.6 scale bars: 5 mV, 100 ms) and inset ii shows
exponential fit (purple line) to the voltage respse following the termination of the step current. Th
exponential fit was used to estimate the membrane time constanisee Material and Methodsection2.3.4.6

scale bars: 5 mV, 10 m§)Left, voltage responses to subthreshold-dand hyperpolarizing current steps (sca
bars: 10 mV, 100 ms). Rightk ad curve is obtained by plotting the diffemee between the voltage at rest an
FG adSIRe adrdS 03INBSY FINNRBgO I 3IFAyad GKS -Kofir@eS

was used to estimate the input resistanBea for each cell
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Table3.1 summarizes the 18 electrophysiological parameters extracted and their mean values
across all cells. Parameters-13 ae passive intrinsic properties, the rest of the parameters are active
intrinsic firing properties. For the population of 137 cells, the distribution of each measured parameter is

displayed irSupplementary Figurg.1.

# Description Mean+ SEM Correlation
r with pial
depth

1 Vmin: Minimal membrane voltage during AHP -48.81+ 0.41 mV -0.12

2 Vpeak Peak membrane voltage of spike 46.1+ 0.69 mV 0.07

3 Vinresh: Threshold voltage at spike initiation -33.96+ 0.26 mV -0.15

4 Vslopenax The maximal slope of the spike 141.755 o0 ® N/pmsk Y 0.32*

5 Vhait: Membrane voltage at spike half 6.07£ 0.37 mV 0.01

6 Vamp: Amplitude of the spike 80.06+ 0.72 mV 0.12

7 AHRhax Maximal anplitude of AHP 14.85% 0.41 mV 0.02

8 Spikese: Rise time of spike 1.23+£ 0.02 ms -0.17

9 Spikear: Fall time of spike 3.34+0.25 ms -0.03

10 | Spikease wiati Entire width of spike 6.73+ 0.15 ms -0.19

11 | Spikearwiat: Half width of spike 2.93+0.07 ms -0.21

12 | FSL: First spike latency 329.34+ 13.73 ms -0.02

13 | Veest Resting membrane potential -71.82+ 0.59 mV -0.2

14 | _m: Membrane time constant 35.26+ 0.86 ms -0.3*

15 Rn: Inputresistance 122235 H PpT -0.27*

16 | Sag ratio: Sag in percentage 7.06%+ 0.31 % -0.14

17 | Rheobase: Minimal current necessary to evoke s 115.7+ 5 pA 0.35*

18 | Spike frequencgyax Maximal spike frequency 9.99+0.37 Hz 0.18

Table3.1 Electrophysiological parameters
The 18 extracted parameters used for biophysical analysis with their corresponding averaged values of the
cells and their correlation with pial depth. Features with a significant correlation are markedawitisterisk

(p<0.05, aftercorrecting for nulti-comparison)

To check for gradual depitiependent changes of the 18 electrophysiologjmaiameterswithin
L2/3, the correlation coefficient for each parameter and the somatic depth of theveitisespect to the
piawas calculated. After correction for multipt®mparisongsee Material and Methodsection2.3.7),
there was no significarcorrelation with pial depth for most of the extracted parameters. Only a single
active intrinsic property, the maximal slope of the spike (Vsiepgarameter 4) and three passive
intrinsic properties, m, Rv and Rheobase (parameters 14, 15 and 1&pldiyed a small but significant
correlation with depth Table 3.1, far right column, significance marked by asterisk). Significant

correlations betweerthe electrophysiological parameters are displaye@upplementary Figurg.2.
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Given the large data set with differeetectrophysiological parameters, PCA was used to reduce
the dimensionality of the data. Before conducting PCA, all measurements vee@ed to standrdize
the PCA since the individual parametessied in mean and varianc&dble3.1). The fraction of variance
represented by each of the first 10ipcipal components as well as the cumulatfvaction is shown in
Figure3.2A. Over 30/ of variance was explained by the first principal componedtgproximately 956
of the variance was captured by the first 10 principal compondfitgu(e3.2A).

The weight of the contribution of each of the 18 parameters to the first five principal coemsn
is displayed irFigure3.2B. Various parameters carry substantial weight contributing to the source of
variability in the data. Noticeably, thhree passive intrinsic properties showing pial deptfpendence
only contributed weakly tohte source of variability in the first principal componertgure3.2B). For
subsequent analyses only the top five ranked principal components wede whéch together accounted
for approximately 8@ of the variabity in the data Figure3.2A).

To group the 137 cells, hierarchical clustering on the first five prin@paiponents was
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Figure3.2 PCA of electrophysiological parameters
A Percentage of variance explained by each of the first 10 principal components. The line shows the cu
sum of the variance explaine@® The weight of the contribution of each tfie 18 parameters to the first fiv

principal components. Two features with relatively high weights are highlighted with black boxes.

performed usingEuclidean ttances in feature space (see Material and Methaedstion 2.3.6.9.
Hierarchical clusteringroupedthe 137 cells into the ehdrogram depicted ifrigure3.3A. Each end point

represents a single L2/3 PC and the connecting branches represent linkages between cells. The distance
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between a pair of clusters is determined by the farthest distancepaiicof cellsn each clustecomplete
linkage methodsee Material and Methods sectich3.6.4. 136 out of 137 cells could be assigned to six
main clusters of dés and a single cell was assigned in a seventh cluster which was disregarded for further
analysisThe cluster number was determined by using a shuffle approach to choose#f digtance (50

% in this case) of the Euclidean distances between clusigygré3.3A, red dotted line). In particular, this
cut-off was determined by approximating the distribution of Euclidean distances derived from shuffling
the data usng 1000 iterationsupplementary Figurg.3A). The 93 percentile in the histogram of the
shuffled data was chosen as eff Euclidean distance for the separation of individual clusters in the
actual data setQupplementary Figurg.3B). Therefore, using lower coff distances would increase the
probability of performing a false separation of cells and higherofutlistances would increase the
probability of missing an actual separation of cells into two differentelagSupplementary Figurg.3A

and B). Out of the six clusters there were two large clusters with 59 and 43 members (C5 and CB6,
respectively), and four smaller cless with 14, 10, 5 and 5 members (C2, C3, C1 and C4, respectively,
Figure3.3A). When comparing the electrophysiological parameters between the two main clusters, C5
and C6, 13 out of 18 parameters were significantly different. The comparison between the clusters are
displayed inFigure3.3B for two exemplary parameters with relagly high weights in the first principal
component ¥/slopemaxand spike frequencyy, highlighted with black boxes Figure3.2B; for comparison

of all parameters se8upplementary Figurg4). Since only few of the 18 electroiglogical parameters
showed pialdepth dependence, the pial depth was not significantly different among each of the groups
(Figure3.30.

Comparing the two large dters, C5 contained L2/3 PCs that displayed approxXo2bwer
maximal firing rates on averagEi¢ure3.3B) and had a shorter first spike delay than S@gplementary
Figure5.4). Furthermore, the peak voltage, spike amplitude, maximal AHP amplitude and sag ratio were
smaller in C5 than C&(pplementary Figurg.4). Additionally, the spike rise time, spike base width as
well as spike half width were longer compared to C6. Finally, the input resistance was larger compared to
C6 Bupplementary Figuré.4). Noticeably,the group difference in these parameter combinations is
reasonable given the relations of these parameigith each other Supplementary Figurg?2). The other
four smaller clusters displayed differences for various combinations of electrophysiological parameters
(Supplementary Figur.4). C1 and C2 displayed the highest maximal spiking frequencies as well as the
greatest maximal spike slope of the 6 clustéiig(re3.3B).
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Taken together, 7846 of the measured L2/3 PCs can be classified into two main groups of cells
that are distinguishable by most of the extracted active as well as passive electrophysiological properties.
Noticeably, the clusters are indistinguishable based on their meanndistéo the pial surface and
consequently there is no explicit spatial arrangement of the clusters within the depth of L2/3 of mouse
V1 Figure3.30.
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Figure3.3 Hierarchical clustering of L2/3 principal cells based on electrophysiological properties

AHierarchical dendrogram for the 137 L2/3 PCs. Individual branch points represent the splitting of a clu
two clusters. The end points display single cells. Red dotted line indicates tb# sat at50 % of the maximur
Euclidean distance (heighaf ~8 arbitrary units in principal component (PC) space, see text for fi
explanations). The resulting 6 clusters are displayed in different colors with their corresponding cell n
indicated at the bottom. The cluster with a single cell (far fightnot included in the analysiB.The grouy
averages foelectrophysiological parameter 4 (maximal slope of AP) and 18 (maximal spike frequency)
clusters. Asterisks indicate significant difference (pSpKruskaWallis test, corrected for mtikcomparison)
Color indicates which two clusters are compared, starting from left to ighverage pial depth of the 6 cluste

(n.s.: not significantly different).
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3.1.2 L2/3 principalcell morphological analysis

189 L2/3 PCs in mouse V1 were successfully filled with Alexa 594 and thealipeeconstructed
(Figure3.4A). The data set covers the whole depth of L2/3 with cells reconstructed in the upper part as
well as in the lower part of L2/3 (two representative examples shamwirigure 3.4A, population
distribution across L2/3 displayed Supplementary Figurg.5). All 189 reconstructed morphologies are
displayed inSupplementary FigurB.6. The cells are sorted by their distance to the pia in descending
order. Additionally, other measured characteristics such as electrophysiology, laminar synaptic input as

well as visual tuningre indicated for each cell.
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Figure3.4 PCA of morphological parameters

ALeft, Maximum rojections of two L2/3 PCs filled with Alexa 594 located in the upper and lower part o
(scale bar: 50 um). Right, Corresponding reconstructed neurons. Apical trees are depicted in red, basa
black and somas in bluB.Percertage of variance captured by each of the first 10 principal components.
line shows the cumulative sum of the variance explair@@ihe weight of the contribution of each of the z
parameters to the first five principal components. The dotted line safgsr the 10 apical (numbers in re
from the 11 basal tree parameters. Two parameters with relatively high weights are highlighted with

boxes.
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In order to perform a systematic analysis of the data set, 21 morphological parameters were
extracted for each cell. The parameters were separated into two main groups composed of 10 parameters
for the apical dendritic tree (10, marked in redTable3.2 and Figure3.4A) and 11 parameters for the
basal dendritic tree (121, markedin black,Table3.2 and Figure3.4A). Table3.2 summarizes the 21

morphologicaparametersextracted and their mean values across all L2/3 PCs. For the population of 189

cells, the distribution of each morphological parameter is displag&iipplementary Figurg5.

# Description Mean+ SEM Correlationr
with pial
depth

Apical

1 RDAnax Maximal radial distance from soma 225.98 £ 3.46 um 0.66*

2 LAotai: Total length 2035+ 45.32um 0.087

3 PLAvax Maximal path length from soma 359.65 + 5.62um 0.43*

4 BPA: Number of branch points 16.5+ 0.39 0.02

5 BOAwax Maximal branch order 8.02+0.14 0.26*

6 BLA: Mean branch length 59.9 + 0.7um 0.17

7 PLA: Mean path length 175.07+ 3.98um 0.46*

8 WHA: width/height 1.51+0.04 -0.64*

9 XSA: horizontal span 291.41 + 6.04um -0.18

10 YSA: vertical span 216.81+4.1um 0.91*

Basal

11 RDBhax Maximal radial distance from soma 140.15+ 2.94um -0.1

12 LBotai: Total length 2392+ 56.58um -0.1

13 PLBax Maximal path length from soma 331.2+ 14.83um -0.002

14 BPB: Number of branch points 23.26+ 0.59 -0.22*

15 BORax Maximal branch order 8.31+0.18 -0.16

16 BLB: Mean branch length 50.02+ 0.58m 0.3*

17 PLB: Mean path length 156.78+ 7.9um 0.04

18 WHB: width/height 1.25+ 0.02 -0.24*

19 XSB: horizontal span 238.59+ 4.06pum 0.07

20 YSB: vertical span 196.86+ 3.17um 0.18

21 NB: Number of basal trees 5.86+ 0.1 um -0.07

Table3.2 Morphologicalparameters

The 21 extracted parameters (10 for apical dendrite, 11 for basal dendrite) used for morphological analys

their corresponding averaged values of the n=t88s and their correlation coefficient with pial depth. Featur

with a significant correlation are marked with asterisk (p<0.05, afterecting for multicomparison.
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In contrast to the extracted electrophysiological parameters, 9 out of the 21 morphological
parameters exhibited a significant correlation with pial depfralfle 3.2, third column, marked by
asterisk). Since all L2/3 PCs reached the pia it is probably not surprising that the vertical span of the apical
tree (YSA, parameter 10) as well as the maximal petigth (PLA., parameter 3) were strongly
correlated with depth (r=0.91 and r=0.43, p<0.0005, n=189, respectively). However, also other parameters

such as the mean branch length of the basal tree (BLB, parameter 16) displayed a significant positive
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Figure3.5 Hierarchical clustering of L2/3 principal cells based on electrophysiological properties

A Hierarchical dendrogram for the 189 L2/3 PCs (see also Figure 3.2C). Red dotted line indicatesfth
set at approximately 60 % of the maximum Euclidean distance (height of ~8 arbitrary units in pri
component (PC) space, see text for further explanations). The resulting 7 clusters are displayed in ¢
colors with their corresponding cell numbers iratied at the bottom. Note that the two clusters with a sing
cell (grey) each are excluded from analyBi$he group averages fanorphological feature 7 (average pai
length of apical tree) and 17 (average path length of basal tree) of the 7 clusteggsksindicate significan
difference (p<0.05, Krusk#Vallis test,corrected for multicomparison. Color indicates which two clustel
are compared, starting from left to righEAverage distance to pial surface of the 7 clusters (p<0.05, Kfu
Wallis test,corrected for multicomparison.
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correlation with pial depth (r=0.3, p<0.0005, n=189). Other significant correlations between the extracted
morphological parameters are displayedSopplementary Figurg.7.

Following the approach of the electrophysiological classification, PCA was first performed on the
21 extracted morphological parameters. The fraction of variance explained by each o$thi@ firincipal
components as well as the cumulative fraction is showRigure3.4B. The weight of the contribution of
each of the 21 parameters to the first fiveipcipal components is shown Figure3.4C. The top five
ranked principal components were used for further analysis, which together accounted for approximately
80 %of the variability in the data similar to the electrophysiological data Bigfure3.4B).

Hierarchical clusteringroupedthe data into seven main clusters. Two @ifitl89 cells could not
be assigned to any of the seven main clusters and were disregarded for further analysis. Alisitaiiae
cut-off approach to the electrophysiological data was chosen based on generating shuffled data and
determining the 95 percentile (in this casegut-off at 60% of the maximum Euclidean distance between
any two neurons, red dotted lin€&igure3.5A). Around 63% of the L2/3 PCs were separated into two main
clusters, C5 and C3, with 64 and 58 members, respectively. Additionally, there was a third larger cluster,
C4, with 30 members artismaller clusters with 16, 8, 7 and 4 members (C6, C2, C7 and C1, respectively,
Figure3.5A). In strong contrast to the electrophysiological groups, the morphologicaips displayed a
gradual pial deptldependency Figure3.50).

From the 21 morphological parameters 13 were significantly different between the two large
clustersof cells with L2/3 PCs of C5 being located more superficial thaRigi8€3.5C). L2/3 PCs of C3
had longer apical and basal trees on averagedland LB, paameters 2 and 12), had more branching
points both on the apical and basal tree (BPA and BPB, parameters 4 and 14) and the vertical and
horizontal span of their apical tree (XSA and YSA, parameters 9 and 10) was greater compared to L2/3 PCs
of C5 Bupplementary Figur6.8). Furthermore, cells of C5 had fewer basal trees (NB, parameter 21)
compared to C3. The remaining differences (8 out of 13) between the two clusters were solely related to
the apical tree Supplementary Figurg.8). For example, the mean path length of the apical but not the
basal tree was significantly different on average between cells of C3 arfdgDEe8.5B).

Taken together, L2/3 PCs of mouse V1 can be classified based on the extent and complexity of
their dendritic branching. Interestingly, different clustereseto be spatially separated within the depth
of L2/3.
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3.1.3 Relation between electrophysiological and morphological groups

In a subset of 33 cells both the electrophysiology and morphology could be characterized. This
provided the opportunity to evaluate the degree of overlap between the separately obtained clusters for
electrophy$ology and morphologyHigure3.6A). Overall there was little overlap between the two cluster
distributions Figure3.6A) and L2/3 PCs being assigned to the same clusters in both distributions were low
(Figure 3.6B). Therefore, theravas limited predictability for anatomy given the electrophysiological

parameters and vice versa.
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Figure3.6 Overlap assessment between separated electrophysiological eratphological cluster solutions
A For the 33 cells with combined electrophysiology and morphology measurements the direct com,
between the obtained clusters for electrophysiology (top row) and morphology (bottom row) is displayet
color represets a cluster, each bar represents a cell. Cells are sorted according to the clusters
electrophysiologyB Matrix displayinghe overlap measured in counts (represented vittle colorbar) betweer

the obtained electrophysiology and morphology clusters
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3.2 Anin vivo/ in vitro approach to study laminar connectivity of
functionally characterized L2/3 principal cells

In order to perform circuit mapping of functionally characted4.2/3 PCs in acute coronal brain

slices, a highly reproducible festep in vivo/ in vitro protocol was developed. The four steps are

summarized irFigure3.7.

Step 1

Step 2

Step 3

Step 4

Figure3.7 Flow chart displaying the main four steps of thie vivo/ in vitro protocol

Surgery

Head bar mounting

Intrinsic optical imaging for locating
binocular zane of V1

Craniotomy

Virus injection

Fluorescent bead injection

~21 days

In vivo 2P imaging
In vivo functional imaging
Acquistion of detailed
structural stack

Image Analysis

1 day

Refinding
Coronal slice prepration of V1
Retrieving of cells in brain slices

Circuit mapping

Targeted recordings of reidentified
L2/3 PCs

Excitatory and inhibitory laminar
input mapping using LSPS by UV
glutamate uncaging

Adapted with permission froriveiler et al. (2018)
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I0OSimaging, craniotomy and virus injection

In the first step, IOS imaging was performed through the mouse skull to localize the binocular
zoneof V1 followed by a craniotomy and a single targeted virus injectidgu(e3.8A and B). A single

virus injection was desirable to control viral spread and greatly facilitatédiengtification of cells in acute

A B

left right

AAV2/1

AAvV2/1 S5l »» BT CRR N ved AT T <<

visual field

virus/bead injection

contralateral
Epifluorescence

Stimulated eye

ipsilateral

Figure3.8 I0S imaging through the mouse skull and targeted virus injection into the cortical region of
interest

ATop,ametal head bar is mounted on the mouse skull after removing the overlying skin. The animal is
in front of a monitor displaying visual stimuli at two positions to coarsely map retinotopy. Both eyes ¢
stimulated independently using shutters. Ba, the 10S responses for each eye are shown in emded

maps overlaid on an image of the skull. Scale barnfrb B Viral vectors containing a Goependent GEC
(here: mRubyZP2AGCaMP6M, top) and Grecombinase are pressuigjected into the binoalar zone of
V1. Additionallyred fluorescent beads are injected to mark the virus injection site (middle). Epifluoresc
image depicting the region containing labelled neurons (yellow arrowhead), the beads deposits (er
arrowhead) and the blood &sel pattern (dotted line, circumference of cranial window; scale bar: 500

Corresponding maximum intensity projection gpAoton image stack (area marked by box in epifluoresce

image; scale bar: 250 unAdapted with permission frorVeiler et al. (2018)

slices Figure3.10B and §. The viral spread in the target area was further controlled by keeping the

injection pipette tip diameter as small as possible and injecting allsmolume with little pressure
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(50-100nl, ~ 10 nl/min, pressure 1fsi, 90° trepanation angle relative to dura). This procedure was
successfully performed in 32 animals. For unambiguotidamtification betweenin vivoandin vitro, it

was important to use a structural marker in combination with a GECI. Moreover di@espxpression of
mRuby2GCaMP6M in PCs withL2/3, a Crelependent version of mRuby@CaMP6M in combination
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Figure3.9 2-photon calcium imaging and structural image stack

A Moving gratings of different orientations and directions are displayed in front of the mouse. Shutters
for independent stimulation of either eye2-photon calcium imaging of layer 2/3 PCs in a small volum
the binocular zone of V1 (sequential acquisition of four image planes in a 270 x 270 xMflyume; image
LI ' yS RS LI Ksicek $5QMNBCHIE haE0 um)kBottom, Calcium transients of two example neurt
(cell1and 2) inresponsetoip8iNJ O2y (i NI £ I G SNI £ Se& So=200%, YOdzB Pixélwigey
ocular dominance index (ODI) maps of an imaged volume (cell 1 and 2 same as in A). Red and k
indicate ipsilateral dominance (ODI<0) and contralateral dominance (ODI>0), respectively. Pixel it
scales with response amplitude (scalr: 50 um).CStructural image stack including the volume contain
functionally characterized cells (cell 1 and 2 as in (A, B); red planes, top and bottom borders-phtiter?

calcium imaging volume in A (scale bars: 50 (&dapted with permissiorrém (Weiler et al. 2018)
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with CamKIl Creecombinase was injectedrigure3.8B, Rose et al. (2015)By controllinghe titer of the
CamKII0.4.Cre.SV4@pelling of10-20 % of excitatory L2/3 cellgithin each animal was achieved (on
average 16.9 + 1.5 % excitatory cells labelled, N&8@ representative exampledisplayed inFigure

3.11). For this part, a virus dilution series at the beginning of the experiments greatly helped to achieve
the optimal sparseness of cellsgure3.11). In addition to the virus injection, red fluorescent beads were
injected during the craniotomy at-2 locations marking the transduced area in each anifigufe3.8B,
Figure3.10). These red fluorescent bead injections were at least 500 um away from the target area and

did not interfere with calcium imagindrigure3.8B, Figure3.10). Conducting the individual steps of I0S

in vivo in vitro

@)

©

2-photon Epifluorescence

Figure3.10 Preparation of acute coronal brain slices containing functionally characterized cells

A Functionally characterized area (red box) imaged wiph@ton and epifluorescence microscopy (sar
preparation as in Figure 3.8 B; scale bars: 250 |Briyreparationof acute coronal brain slices with

vibratome. Cutting levels are numbered and indicated by liRkgrescence goggles are used to visualize
fluorescent bead deposits and the region containing infected ¢letilfom, scale bar: 500 umEAcute brain
slices (320 um thick) numbered from caudal to rostral containing fluorescent bead deposits and thi
transduced region (slice ). The fluorescent bead deposits and the virus expression pattern indicate the
containingthe region imagedh vivo(red box; here: slice 4; scale bar: 500)uAdapted with permission frorr

(Weiler et al. 2018)

imaging as well as the subsequent craniotomy in a similar manner in each animal yielded highly

reproducible results across animals.
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In vivo2-P imaging

In the second step, functional vivocalcium imaging of L2/3 PCs in the binocular zone of V1 was
performed Eigure 3.9). Monocular stimulation was applied by eye shuttering to record the ocular
dominance as well as the eye specific orientation and direction tuning of single L2/BifA&s3.9A and

B). Furthermore, moving gratings with different temporal and spatial frequencies as well as different

A in vivo in vitro B in vivo in vitro

in vivo in vitro acute in vitro fixed D in vivo in vitro acute in vitro fixed

red= mRuby
blue= NeuN

red= mRuby
blue= NeuN

Figure3.11In vivo/ in vitro matching of neurons

A Thein vivostructural image stack is transformed from the top to the side view, corresponding to the
view in the coronal brain slida vitro (examples of matched cells are numberedll 1 is the same cell as c¢
1 in Figure 3.8in vivoandin vitro side view maximum intensity projection of 500 sections, 1 pum spacing
scale bars: 20 um). In this example the titer of f&V2/1.CamKI110.4.Cre.SV48 is 10 GC per mIB Same as
in A, for an experiment with higher virus titer(4.5 x 16GC per miscale bars: 20 yuinCAfter the preparation
of 320 um thick coronal brain slices farvitrorecordings, the same slices were fixed, resliced to 40 um t
sections on a sliding microtome, followed by antibody stainings (here against NeuN; NeuNmBluigy?2,
red). The titer of théAAV2/1.CamKI10.4.Cre.SV48 is 1§ GC per ml and results in labelling of approximat
10% of the excitatory cellssqale bars: 20 pm)D Same as C except with a highgter of the
AAV2/1.CamKI10.4.Cre.SV4ME x 18GC per ml, resulting in labelling of approximately 20% of excita:
cells 6cale bars: 20 umAdapted with permission frorfWeiler et al. 2018)
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orientations were used for stimulation to further probe the visual respegrsess of L2/3 PCs. Finally, the

spontaneous activity in the dark of the same L2/3 PCs was recorded. At the end of each functional imaging

session, a high resolution structural stack was obtained spanning from the pial surface to L5/L6 containing

the celk of interest Figure3.9C).

Reidentification of L2/3 principal cells in coronal brain slices

In the third step, acute coronal brain slices were prepared followed by tigergification of the

functionally characterized L2/3 PE8gure3.10). During slice preparatigthe brain slices containing the
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Figure3.12In vitro circuit analysis of functionally characterized cells

pA

A Schematic illustrating the principle of circuit mapping b$PS with Uglutamate uncaging: Potenti

presynaptic neurons are activated by idMitamate uncaging while either excitatory or inhdaly postsynaptis

inputs are recorded in the patched target céllIn vivo / in vittomatching of cells (corresponding cells

numbered. Top right, 2ohoton guided targeted patchlamp recording of cell 2 (scale bars: 10 pm). Bot

right, 16 x 16 stimlus grid (blue dots) covering all cortical layers. Each spot is addressed in a-pseddm

fashion, and glutamate is uncaged using an UV laser (scale bar: 10C jiop, examples of excitatory (c

clamped to-70 mV) and inhibitory currents (cell claed to 0 mV) arising from the stimulus locations enclc

by grey boxes ithe bottom row and B (scale bars: 300 pA, 100 ms). Bottom,-pixeéd excitatory and inhibito

input maps of colocoded current amplitudes across cortical layers. Reconstrucg8 BC dendritic ce

morphology is overlaid (scale bar: 200 p#lapted with permission frorfWeiler et al. 2018)
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cells of interest were identified by thejected beads using fluorescence detection gog(ffegure3.10B

and @. In vitro structural image stacks were then acquired of the transduced area usinghat@n
microscope Figure3.11A and B). Neurons were matchbdtween thein vivoandin vitroimage stacks by
comparing the relative positions of the sparsely labelled cells andefezence frame provided by the
fluores@nt bead tracks. More specificallyeurons from thein vivoandin vitro recording session were
matched by comparing the relative positions of cells and morphological details using the side view of the
acquiredin vivostack and the face view of the acrpdl in vitro stack. In most cases, labelled cells were
already matched based on their uniqgue morphology and dendritic branching pattern kiFigyee3.11,

for detaik see Material and Methodsection2.3.4.2. Furthermore, functionally characterized L2/3 PCs

could also be rédentified in fixed slices enabling pasvc immunolabellingRigure3.11C and D).

Circuit mapping of functionally characterized L2f8incipal cells

In the fourth step, targeted patehlamp recordings were performed on the-igentified neurons
in order to studytheir excitatory andrihibitory laminar connectivity using LSPS by UV glutamate uncaging
(Figure3.12). In each of the 32 animalsffectively all cells visible in brain slices could be matched to cells
characterizedn vivo. For patch clamp recordings and circuit mapping, cells located leetwé and 150
pm below the slice surface were targeted. More superficial cells were excluded because of potential
damage by slicing and cells deeper in the slice could hardly be accessed. Thus, in 320 um thick slices, the
accessible fraction corresponded 2530 % of all functionally characterized L2/3 PCs.

Taken together, the establishéulvivo/ in vitroapproach provided the means to relate functional

response properties of individual L2/3 PCs in mouse V1 directly to their underlying laminar inputs
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3.3 Calibration ofthe laser scanning photostimulation system

3.3.1 Spatial resolution of LSPS by UV glutamate uncaging

Before starting circuit mapping experimenthe spatial resolution of uncaging was assessed by
recording excitation profile€Shepherd 2012}-or this, excitatory as well as inhibitory cells across all layers
of V1 were recorded either in wholeell or cellattached configurationand glutamate was uncaged at
specific stimulus locations spanning the dendritic tree of the recordedFiglife3.13A, B). Extracellular
glutamate concentration, Eer power as well as laser pulse duration were adjustetil spiking of the
individual cell types across layers was confined to the soma location (0.2 mMagdid glutamate, 10
15 mW laser power, 1 ms duratioigure3.13B). This resulted in a spatial resolution of approximately 80
pm for different excitatory and inhibitory cells within different layers at both uncaging sefses
Material and Methods sectioB.3.4.3, therefore providing laminar resolution for circuit mapping (setup
A and BFigure3.13C). Noticeably, glutamate uncaging occasionally evoked APs at the apical tuft dendrites
in layer 1 of L4 and L5 PCs in addition to somatic AP gener&iqur€3.13B, right). Considering that
there are no excitatory cells in layer 1, the excitatory input from layer 1 was excluded in final
guantifications. Likewise, the inhibitory input from layer 1 was excluded to ensure direct comparison
between excitation and inhition.

Furthermore, the number of action potentials generated per stimulation site was comparable for
all recorded interneurons across layerBigure 3.13D). Likewise the number of action potentials
generated per stimulation site was similar on average for L2/3 and L4 PCs at both setups. However, L5 PCs
at setup B generated significantly more action potentials per site compared to L4 PCs indicating greater
excitability of these cells under the recording conditions (p<OBigure3.13D). Therefore, intrinsic
differences in excitability need to be considered when calculating agecagnection strength per

neuron.

3.3.2 Circuit mapping using LSPS by UV glutamate uncaging

The principle of synaptic input mapping using LSPS by UV glutamate uncaging is illustrated in
Figure3.14A. A single L2/3 PC was patdbhmped at a timeand its functional synaptic inputs were
spatially mapped using a 16 x 16 stimulation grid spanningliftbe layers of V1. The assignment thie
256 stimulus spots to a specific layer was based on a layer marker stainifig Figure3.14B). The

recorded L2/3 PCs were located across the entire depth/8f ([E2gure3.14B, righ).
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During synaptic input mapping, direct glutamatergic responses occurred within the firsaffens

the UV stimulus in addition to synaptic respongeigre3.15A). These direct responses were located at

A B Excitation profiles
cell 2

L1 o Kéjgpicaztuﬂ:
\\\

I —

L2

- = b oo
¥ - Ay - - -
R Zal B
- ﬁi\__
= 7 fS e
L5 - - - - - -7
L L - - - - - - - N
1 1
¢ ] b [
PC SB
I PC SA * -;ggﬁ
CIINSA

120 -

Resolution (um)
APs/site

L2/3 L4 L5 L6
Figure3.13 Spatial resolution of photostimulation across layers and cell types
A Top, xample L4 PC recorded for spatial resolution assessment. The image of the V1 slice is super
with the stimulation grid (69 pfspacimy, scale bar: 100 um). Bottonggponse to photostimulation eithe
in wholecell (WC) or cefittached (CA) configutian. Blue box indicates UV laser stimulation (scale b
right, 2 mV, 20 ms; left, 0.2 mV, 20 nBB)/oltage traces for each stimulus spot of two layer 4 PCs held ir
current clamp. Generally, APs occur only close to the soma of the recorded cglINkfirons with apica
tufts in L1 can also fire an AP at the apical tuft in L1 (right). For this reason, stimulation sites in laye
excluded when evaluating synaptic input maps (scale bars: 100 pA, 10@ ®Bgatial resolution of LSF
evoked actiompotential generation in PCs and INs in the different cortical layers for setup A (SA) and s
(SB). Spatial resolution of photostimulation is measured as the mean weighted distance from the som
generating stimulation sites. The numbers of retedt neurons are displayed within the baBNumber of
spikes per activated stimulation spot for PCs and INs in different layers for SA and SB. The numbers of
neurons are displayed in the basssteriskindicate significant difference (p<0.05, KkalWallis test, multiple

comparison correction)
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5-15 stimulus spots around the recorded stsynaptic L2/3 POrigure3.16A). Direct responses in the
immediate vicinity of the soma had usually large amplitudagure3.15A (i); Figure3.16A). The direct
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Figure3.14LSPS by UV glutamate uncaging to map ileen synaptic inputs to L2/3 principal cells

A Left, brain slice containing part of V1 (scale bar: f00. Rght, scheme illustrating the basic principle
connectivity mapping by glutamate uncaging. Caged glutamate is delivered to the bath surrounding thi
slice. A postsynaptic cell is patctamped and potential presynaptic partners are activated by lutagate
uncaging (red). Action potentials are evoked in the presynaptic cells and lead to a synaptic respons
recorded neuron if both neurons are connect&lLeft, brain slice with schematic patch pipette on L2/3 F
Blue dots indicate stimulatiogrid. Pattern of histological markers for neocortical layers in V1: L2/3 me
Calbindin (green), L5/6 marker CTIP2 (red). All cells stained with DAPI (blue). Note: L4 cells are only
with DAPI (scale bar: 200m). Right, distances of recorded urens within L2/3 measured from the pi
surface (central mark in the box indicates the median and the bottom and top edges of the box ardtt

and 73" percentiles). Red dots indicate cells that were functionally characterized prior to synaptic

mapping.

glutamate response amplitudes in more distal stimulation spots wigheesmall or absentHigure3.15A,
compare (ii) to (1) and (2)). For inhibitory synaptic currents (postsynaptic cell held at 0 mV), the direct
responses were stifiresent albeit with much smigr amplitudes Figure3.15A).

All of the direct responses, however, were followed by synaptic responses overriding on the direct
response decay. This could be demonstrated by blocking AP generation with TTX and thus isolating the
direct response to glutamate of the recorded neur@igure3.15B). Therefore, excitatory synaptic input
information would be neglected by just simply excluding direct traces from input analysis. In order to limit

this syraptic information loss in the vicinity of the recorded neuron, the direct traces were first detected
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by temporal windowing and then removed from the input maps. Interpolation was subsequently used to
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Figure3.15LSP®y UV glutamate uncagingtimulation scenarios

A Scheme illustrating different stimaion scenariosLeft, large direct glutamate responses evoked in
recorded neuron obscure the evoked synaptic responses arising from connected cells in the immediate
when the laser spot hits the recorded cell (i, cell held7T@tmV).The drect response is still present (albeit mu
smaller) in the evoked synaptic responses when the laser spot hits connected cells in the immediate vic
When the cell is held at 0 mV, the direct response is smaller compared to the synaptic respaets. dihe
direct glutamate responses are locked to the start of the laser pulse (blue lines). The direct response
detected using a temporal window (within 7 ms after UV stimulatiRight examples of lighevoked excitaton
(traces 1 and 2) asell as inhibitory synaptic responses arising from distal presynaptic neurons. The s
responses occur with a temporal delay after the laser pulse (scale bars: 75 pA, BiTmg)Direct glutamate
responses are isolated by blocking photostimulatenoked synaptic currents using TTX. In this example, a
direct glutamate response obscures an overriding synaptic response (black, compare AlgY).toThe purt
direct response @mponent is revealed after infusion off@ TTX (red) into the slice. Bottom, in this exam
evoked synaptic currents (black) are blocked after TTX infusion (red) without revealing a direct con

(compare toA (traces 1 and 2); scale bars: 100 pApi).

infer the synaptic inputs at these locations based on the responses at neighboring stimulation sites. The
rationale behind this approach was thag¢ighboring stimulus spots in principle include the activation of
the same presynaptic cellgiven the spatial resolution of the technique (forther details see Material

and Methodssection2.3.6.5.
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3.4 Laminar synaptic inputs to functionally characterized L2/3
principal cells

Circuit mapping was performed on 157 L2/3 PCs in acute slices of mouse V1. From the 157 cells,
77 were also functionally characterizedvivo prior to circuit mapping following the establish@dvivo/
in vitro protocol (see Results sectidh2). This allowed a direct comparison between visual response
properties and connectivity of L2/3 PCs. Furthermore, for 97 of the 157 L2/3 PCs, the dendritic
morphology was reconstructed (s&upplementary Figur.6) enabling a direct comparison between
laminar input and morphology as well as between laminar input, morphology and functional response

properties.

3.4.1 Excitatory and inhibitory laminar inputs to L2/3 principal cells

Multiple excitatory and inhibitory synaptic inpataps were obtained per L2/3 P&veraged, and
displayed in pixebased color mapd{gure3.16A). The laminar synaptic input sources of the 157 L2/3 PCs
were diverse. None of the cells showed significant input from L6 and therefore this layer was not
considered in further quantifications. The distrilmns of the excitatory as well as inhibitory input fraction
coming from L2/3, L4 and L5 to L2/3 PCs are displayEdjime3.16B. Almost all cells received strong
excitatory and inhibitory input from L2/3. 80 % of L2/3 PCs received at least 10 % of their total excitatory
input from L4 whereas only 39 % of L2/3 PCsixexd at least 10 % of their total inhibitory input from L4.
Regarding L5 synaptic input, 13 % of L2/3 PCs received at least 10% of their total excitatory input from L5
and 4 % of L2/3 PCs received inhibitory input fromAidu{e3.16B).

The excitatory and inhibitory laminar inputs were recorded within the sameearedbling direct
comparison between the spatial overlap of excitatory and inhibitory sources at #e¢ ¢¢ single cedl
(Figure3.16Q). The distribution of the spatial overlap of excitation and inhibition per cortical layer is shown
in Figure3.16C. Whereas excitatory and inhibitory input to L2/3 PCs coming fromwagBnostly spatially
balanced, excitatory input coming from L5 to L2/3 ®&smostly spatially unbalanced loyhibition within
the same layer. The excitatory and inhibitory input to L2/3 PCs coming from L4 showed various degrees
of spatial overlap. In a significant fraction of L2/3 PCs, the excitatory and inhibitory input sources in L4 did

not overlap Figure3.160).
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Taken together, these results suggest that individual L2/3 PCs display a wide functional diversity
in their laminar input sources as well as in the spatial overlap of excitation and inhibition arising from an

individual cortical layer.
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Figure3.16 Laminar excitatory and inhibitory inputs to L2/3 principal cells

AlLeft traces from LSPS evokE®SE (at-70 mV) and IPSCat 0 mV) measured across 16 x 16 locations fre
representative L2/3 PC (scale bars: 200 pA, 50 ms). Two mapping repetitionsra@ didue and black). Rigl
excitatory and inhibitory input maps where color codes forrage integrated input strength within the analy
window of 7150 ms. The average of two repetitions is displayed (scale barspur@)ONote: The synapt
EPSCs/IPSCs oveingon direct responses are infelated from adjacent pure synaptic traces (ddaterial
and Methodssection2.3.6.9. B Distribution of the fractional excitatory (left) and inhibitory (right) input fr
L2/3, L4 and L5 to L2/3 PCs (n = 148 c€lls2ft, the pixelbased excitatory and inhibitory maps are overlaid
top of each other (maps from cell displayed in E). Redl ldue hue indicatethe amountof excitation anc
inhibition present respectively at a given piXstale bar: 20Qim). The dendritic morphology of the L2/3 PC
superimpogd (red= apical dendrite, blackasal dendrites). Right, distribution of the alagp index of excitator
and inhibitory input from L2/3, L4 and L5 to L2/3 PCs (for overlap index calculation per layer see Mat¢
Methodssection2.3.6.5.
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3.4.2 L2/3 principal cell classification based on laminar connectivity

To systematically classify L2/3 PCs based on their laminar connectivity, PCA and hierarchical
clustering were performed using the fraction of total excitatory and inhibitory synaptic inputs 3o0RQ¢
from L2/3, L4 and L5. More specifically, for each, eethreeelement vector, one for the fraction of
excitatory input per layer and one for the fraction of inhibitory input per layer were obtained and then
used for PCA and subsequent clusteringlds L2/3 PC§igure3.17A). The individual steps for PCA and
hierarchical clustering were similar the ones describetbr the clustering of cells based on morphology
and electrophysiologyResultssection3.1). Hierarchical clustering yielded the dendrogram depicted in
Figure3.17A. All L2/3 PCs except two could be assigned to three main clusters. For each L2/3 PC, the
excitatory and inhibitory synaptic input fractions received from each |a&vell as thesomatic depth
of the cells with respect tdhe pia, are displayedelow the dendrogramKigure3.17A). The average
overlays of excitatory and inhibitory maps for each cluster are display€idime3.17B. Qualitatively, the
three clusters differed in two major features: 1) thelative amount of excitatory and inhibitory input
from L4. 2) The degree of spatial overlap between excitationiahiition. Cluster 1 cells (n=22) had
almost no input from L4 and displayed on average spatially balanced excitatory and inhibitory inputs from
L2/3. Cluster 2 cells (n=72) showed spatially balanced excitatory and inhibitory inputs fronbui2/3
excitatay input from L4 was mostly spatially unbalanced by inhibition. Cluster 3 cells (n=52) received on
average the greatest fractional excitatory input fromwhich was mostly spatially balanced by inhibition.
Interestingly, the soma location of cluster 2lsavere significantly closer to the pial surface on average

compared to the other two clusters (p<0.05 and p<0.001, respectiFayre3.17B, bottam).
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Figure3.17 Hierarchical clustering of excitatory and inhibitory laminar input to L2/3 principal cells
A The pattern of laminar inputs is quantified by the fraction of excitatory and inhibitory synaptic inj
particular L2/3 PC received from L2/3, L4 and L5. For each cellelersient vector is generated with thi
fractions of excitatory and inhibitory put from each layer. This vector is used for PCA and hierarc
clustering. Tophierarchical clustering dendrogram for the 148 L2/3 A@is.ed dotted line indicates the cut
off set at35 % of the maximum Euclidean distance (height of 5.3 arbitratg imprincipal component (PC
space). Middle, the color code indicates the fraction of synaptic input received /8y L4 and L5 fo
excitatory and inhibitory inputs respectively. Bottom, the soma distance from pia for each cell withirBL
Top, aveage overlay of excitatory and inhibitory maps for the three obtained clusters in A. Bottom
corresponding soma distance from pia within L2/3 for the cells in each clusters (mean £ SEM is disp

green).Asterisks indicate significant difference.
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3.4.3 In vivo/ in vitro characterization of L2/3 principal cells

For the comparison of functional response properties and laminar input connectivity within the

same cell, 77 L2/3 PCs were first characteriredivousing 2photon calcium imaging in the binocular
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Figure3.18 Two examples of matchedn vivo/ in vitro cells with their corresponding visual response
properties and laminar excitatory and inhibitory inputs

ATop row, the L2/3 PC of interest is circled in il@ivoandin vitro side view (maximum intensity projectior
scale bars: 25 um). Independent estimulation paradigm (depicted in schem&alcium transients of the ct
of interest in response to ipsobr contralateral eye stimulation using drifting gratings with 8 orientati
00200P4f 18 s
Polar plot of peafhormalized orientatiorselective responses to the stimulation of thgsit and contralatera

Individual calcium transients are shown in black, the average is dv&la A y NB R

eye (red and blue, respectivehgecond row, simultaneous binocular stimulation paradigm. Driftiragirggs
were presented with different SFs and TFs. The average calcium transients of the cell of interest in res
presentation of drifting gratings with a SF of 0.02cyc/deg and varying TFs (1, 2 and 4 cyc/s) for 8 oriente

tS
amplitude of the cell of interest to the different SF/TF combinations. The orientation of the arrows depi

displayed in redq O | 00kE2RM6Y 10 I8)The plot on the right summarizes pea@rmalized respons
preferred orientation for the cell at each SF/TF conalion. Third row, spontaneous activity paradigm.
spontaneous activity was measured during complete darkness. Spontaneous calcium transients recorc
the L2/3 PC of interesti(O f S  0okE5BR50 s)Evank detections are indicated at the toeq dots; set
Material and Method®.3.6.3. The bar plot displays the spontaneous event frequency during dark period
black) and the population coupling index (PCI, green; for display, PCirarsfiprmed while preserving th&ign
of the data). Bottom rowin vitro circuit mapping. Average excitatory and inhibitory input maps as well a
spatial overlay of excitation and inhibition for the L2/3 PC of intef@&imilar to A, showing a second exarr
of anin vivo/ in vitro matched and recorded L2/3 PC.
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zone of V1 and theme-identified in acute brain slices for circuit mapping (for further details see the
developed protocol irResults sectiord.2). The following visual features weextracted for each cell:

ocular dominance, eyspecific orientation and direction tunings well as preferred spatial and temporal
frequencies (SFs: 0.02, 0.08 and 0.16 cyc/deg; TFs: 1, 2, and 4 cyc/s). The preferred spatial and temporal
frequencies were obtained duringmultaneous binocular visual stimulatiavhereas the eyespecific
orientation and direction selectivity were obtained during independent monocular stimulation.
Furthermore, the rate of spontaneous activity for each cell in complete darkness was quantified by event
detection. Additionally, the population coupling of each cedbvextracted during darkness (see Material

and Methodssection2.3.6.3for further details).

Thein vivo/ in vitro matching of two exemplary L2/3 PCs with theirresponding visual tuning
features and spontaneous activity patterras well as their laminar excitatory and inhibitory inputs are
displayed irFigure3.18. For each of the 77 functionally characterized L2/3 PCs, the individual excitatory
and inhibitory input maps as well as the corresponding functional response properties and morphologies

are shown irSupplementary Figurg9.

3.4.4 Visual tuning features of then vivo/ in vitro characterized L2/3 principal

cells

The 77 redentified cells represented the visual tuning features of the entire population of 2777
recorded cells measurad vivoacross 32 animal$igure3.19). From the 2777unctionally characterized
L2/3 PCs, 27 % were not significantly responsive in the individual eye and simultaneous binocular visual
stimulation protocol. These cells are referred to asw@ual responsive. In the subset@f L2/3 PCs, 12
cells werenon-visual responsivéFigure3.19A). Considering the visual stimulation protocols separately,
17 cells were not significantly responsive during the iildisl eye stimulationQupplementary Figure
5.10A and B) while 21 cells were not significantly responsive to simultaneous binocular stimulation in the
subset ofin vivo/ in vitro characterized cellsSupplementary Figurg.10C). Within the subset ah vivo/
in vitro characterized cells, visually responsive cells displayed a wide range of direction and orientation
selectivities Figure3.19B). Furthermore, cells could be classified into purely-ipscontralateral as well
as binocular responsive celSupplementary Figurd.10B). Nearly half of the cells preferred low spatial
and low temporal frequencigsepresenting the overall bias of the entire measured V1 cell population for

low spatial and temporal frequencieSypplementary Figurg.10C).
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Figure3.19 Functional characterization of L2/3 principal cellsvivo

A Top, fraction of allin vivo characterized L2/3 PCs either responsive or unresponsive to both \
stimulation protocols (independdreye and simultaneous binocular stimulation protocol, n=2777, N=
Bottom, fraction ofin vivo / in vitrocharacterized L2/3 PCs either responsive or unresponsive to both \
stimulation protocols (n=77, N=328.Top, histogram of gOSI and gDSI forimalvivocharacterized L2/3 PC:
Bottom, histogram of gOSI and gB@®lin vivo / in vitrocharacterized L2/3 PCs.

Taken together, then vivo/ in vitro characterized cells represent an appropriate subsample of

the whole cell population functionally measured in the binocular zone of V1.

3.4.5 L2/3 principal cell classification based on functional response properties

In order to classify thén vivo/ in vitrocharacterized L2/3 P@gssed on their functional response
properties, only cells that wereisually responsive in both stimulation protocols were considered (n=51
cells). Similarly to the classification used for the electrophysiology, maegy and laminar connectivity,

PCA and subsequent hierarchical clustering were performed on the following functional response
parameters: global orientation selectivity index (gOSI), global direction selectivity index (gDSI), ocular
dominance index (ODI¥pontaneous activity in the dark (SAD), population coupling index (PCIl), overall

preferred spatial frequency (SF) and temporal frequency (TF). Abainndividual steps for PCA and
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hierarchical clustering were similay the onesdescribed for the clusring of cells based on morphology

and electrophysiolog{Resultsection3.1).

C1 c2 C3 C4
Cells 4 24 10 13

1
w U
Figure3.20 Hierarchicalclustering of functional response properties of 51 visually responsive L2/3
principal cells

Hierarchical clustering dendrogram for the 51 L2/3 PCs. Red dotted line indicates b set at84 % of

Euclidean distance in PC space (arbitrary units)

L2/3

L2/3

Inhibition  Excitation
[
W

Fraction of total input (%)

the maximum Euclidean distance (height of 5.2 arbitrarifs in principal component (PC) space). The clu:
number and the number of cells in each cluster is displayed at the bottom. For comparison, the frac
synaptic input received frorh2/3, L4 and L5 for excitatory and inhibitory inputs is displdge@ach of the

cells below (compare tBigure3.17).

Hierarchical clustering resulted in the dendrogram depicteegure3.20. Cells could be classified
into four clusters. A small cluster with 4 cells (cluster 1) and three clusters with 24, 10 and 13 cells (cluster
2, 3 and 4, respectively). These clustdisplayed significant differences in some functional response
parameters Figure3.21). For example, cluster 1 cells displayed the highesferred tamporal frequency
compared to all other clusters. Cluster 3 cells were not selectively tuned for orientation and direction
compared to the other clusters whereas cluster 2 and 4 displayed very selective orientation tuned cells.

Cluster 2 cells were mainlyoohinated by the ipsilateral eye compared to all other clusters. However,
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Figure3.21 Comparison of functional response properties across the 4 clusters

The group averages are plotted for each of the 7 functional response parameters. Significant differen
denoted with asterisks (p<0.05, Krusk#hllis test, corrected for multicomparison. Color of asterisks
indicates which two clusters were comparestarting from left to right. gOSI, C2 vs. C3: p<0.05, C3 vs
p<0.0001; gDSI, C3 vs. C4: p<0.05; ODI, C2 vs. C4: p<0.001; PCI, C1 vs. C4: p<0.05; SAD, C2 vs. (
C2 vs. C4: p<0.05, C3 vs. C4: p<0.005; TF, C1 vs. C2: p<0.05, C1 vBOCIph<3. C4: 0.001.

when looking at the underlying laminar connectivity profiles of these groups, no clear differences between

the functional clusters could be detecteligure3.20).

3.4.6 Comparison of different cluster analyses

So far, each of the cluster analyses using the separate datasets of morphology, laminar
connectivity orin vivo functional response properties revealed distinct cell clusters suggestieg th
presence of L2/3 subtypes. Studies often characterize functional properties and connectivity in different
sets of neurons and argue that subtypes in one feature correspond to subtypes in other fe@gres

Meng et al.(2017) Kuhlman et al. (2013) Importantly, these studies only provide an indirect relation
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between different features. Because the morphology as well as the laminar connectivity and the visual
response properties were recorded wih the same L2/3 PCs in a substantial fraction of cells in the
present study, the correspondence between functional properties and connectivity as well as morphology
could be directly tested compared to previous studies. For cluster comparison, L2i8 &4&h input

map cluster (Figure 3.22, top row) were ordered according to their assignment to the different
morphology clusters. In turn, cells belonging to the same input map and morphology clusters were
ordered according to their assignment to the functiomakponseclusters Figure 3.22). With this
arrangement, the correspondence or nonrrespondence between clusters across the input maps,
morphology and functional response properties could be rgaddualized.

When inspecting the interelation between the different cluster assignments of gatlbecame
apparent that each of the data sets led to different grouping of cells. Cells of the laminar input cluster 2
were distributed over 6 out of the 7 morphology clusteaad distributed over all functional response
clusters The same was observéat the cells of the other two main laminar input clusters. Hence, none
of the clusters showed a consistent and characteristic appearance as a defined cluster across the analyses

of the datasets of the different properties (laminar connectivity, morphglagd functional response

Input map
clusters
=148

n

=97

clusters
n

Cluster

n=46

I
|

SN W R ANRROIO N SN W MG

clusters

Figure3.22 Comparison of cluster assignments across all analysed properties

Functional resp. prop. Morphology

Interrelation between thecluster solutions for different datasets (fractional laminar input, morphology iai

vivofunctional response propertiegptained within the same L2/3 PCs.
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properties). This arguesgainst discrete nooverlapping L2/3 PC subtypes based on morphology, laminar

connectivity and functional response properties.



Results 86

3.5 Mapping of eyespecific retinogeniculate inputs onto mouse
thalamic neurms
The overall goal of this part of thieesiswas to establish an experimental paradigm to investigate eye

specific retinogeniculate inputs onto individual TCs in acute brain slices of the adult mouse dLGN. This

chapter presents important pilot experiments that provide the basis for further investiga

3.5.1 Channelrhodopsisfor dual-color optogeneticstimulation

In order to stimulate retinogeniculate axons from the two eyes independently, the approach was
to induce eyespecific expression ofvo channelrhodopsisvariants with minimal spectral overlap in RGCs

of either eye.
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Figure3.23 Dualcolor optogenetic mapping of eyspecific retinogeniculate inputs onto dLGN cells

A Scheme illustrating the duablor optogenetic approach. Rdight excitable Chrimsdd (AAV2/2.Syn
ChrimsonR.tdT) and bldight excitable Chronos (AAV2/2.S@hronos.EGFP) or ChR2 (AAV2/2.
ChR2(H134R).EYFP) are expressed in RGCs and their axonsdldemithin dLGN by eyspecific viral
injections.B Top, expression pattern of Chrimd®and Chronos in the retinae (left) and axonal projecti
pattern in the right dLGN (right, scale bars: 100 um). Potential locations of purely ¢qmirely ipsilateal and
binocular TCs within dLGN are indicated with numbet3, Tespectively. Bottom, scheme illustratir
retinogeniculate inputs to a purely cont;gurely ipsilateral and binocular TGChrimsofRand Chronos actior
spectra reproduced with permissioroin Nature Publishing Groylapoetke et al. 2014)
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To obtain maximum independent channelrhodopsin activation, astafted channelrhodopsin,
Chrimsoir (Klapoetke et al. 2014)and a bluechannelrhodopsin, either ChRRlagel et al. 2003pr
ChronogKlapoetke et al. 2014yvere chosen for RGCs transduction. Importantly, Chronos and ChR2 can
be excited by blue light but not with red light whereas Chrini8can be excited by red lighHowever, a
fundamental limitation is that Chrimsét like all existing opsins, can be driven to some extent also by

blue light Figure3.23C takenfrom Klapoetke et al. (2014) Activation by blue light, however, can in

Approach 1: Separate single-pulse stimulation Approach 2: Sequential photostimulation

-
U

T

Figure3.24 Two optogenetic photostimulation approaches are used for probing retinogeniculate inputs
onto TCs in dLGN

Left, in the first approach, a TC is pattamped and independent regnd bluelight photostimulation is
used to measure lightvoked postsynaptic currents (PSCs). The synaptic input is first mapped using |
and then red light (ii) or vice versa. Possible crosstalk activation has to be considered and assess:
stimulating ChrimsoR+ retinogeniculate axonal terminals (depicted in schematic Jeyliked PSCs). Rigt
in the second approach, a thalamic relay cell is pafeimped and sequential duablor photostimulation is
applied. Sequential retllue photostimulation suppresses cstalk between Chronos/ChR2 and ChrimRc

and therefore independent activation of ipgind contralateral pathways is possible.

principle be prevented by determining the blue light intensities that are sufficient to activate
Chronos/ChR2 without activating Chrim&tilapoetke et al. 2014)

To test the feasibility of the dualolor optogenetic approach, ChrimsBiransducing AAVs were
injected into one eye and either ChR#z ChronogransducingAAVs in the other eyd-{gure3.23A). The
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tagging of ChrimsdRwith the red fluorescent reporter tdTomato (tdT) and of Chronos with the green
fluorescent reporter EGFP (EYFP in case of ChR2) allowed separated visualizatioriesminals within

the dLGN originating from the ipsand contralateral eye after successful transductiéiggre3.23B).

A B
Separate single-pulse stimulation

© pazijewiou yead

Figure3.25 Separate redand blue light photostimulation using SCRACM

A Top,scheme ofdLGN illustrating in which locations TCs were pateimped. Bottom, bright field imag:
showing the recording pipette and the 8x8 photostimulation grid overlaid on the soma of a representati
in the ipsilateral core (red and bluesspacing: 30 um;-gpacing: 25 um). Examples of CliR2en EPSCs b
SCRACM stimulation (repetitions shown ieygand black). ChR2+ ipsilateral axons can be activated with
(right) but not with red light (left, scale bars: 200 pA and 100 B&xamples o6CRACM maps obtaine
under red (left) or bluelight (right) stimulation for individual TCs. The reconsted morphologies of the
recorded thalamic cells are overlaid on the input maps (scale bar: 50 um). Purple star refers to sa
displayed in AC Chrimsofr-driven contralateral input in a representative TC under-red bluelight

stimulation (scale bra 50 pm). Bludight stimulation can activate ChrimsBa axonsD Group averages o
sCRACM maps under blue photosimulation using either an x40 or x4 objective lens. White circles

soma position (scale bars: 50 um). Note the difficulty of usingrhagnification objectives.
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Retinae from the two eyes, one transduced with ChreB&P and the other one with ChrimBadT, as
well as the corresponding axonal expression patterns in dLGN are shéguia3.23B. Both ChrimsoR
and ChR2/Chronos were transported effectively into axons leading to bright fluorescent axons throughout
the dLGN in most experimentd=igure 3.23B and Supplementary Figuré.11). Furthermore, the
expression pattern within the dLGN revealed contralateral and ipsilateral eye projection zones (the latter
is also referred to as ipsilateral core). However, there was tanbal overlap between ipsiand
contralateral RGCs projection zones, especially in the dorsomedial tip of the dLGN around the ipsilateral
projection zone Figure3.23B).

The successful eyapecific expression of channelrhodpsins in RGCs axon terminals allowed us to
test the following questions: Do binocular cells exist within the adult mouse dLGN? And if so, where are

they located?

3.5.2 Separate stimulatbn approach

In order to be able to assess binocularity of TCs as a result of retinogeniculate convergence, the
spectral activation crosstalk between the channelrhodop&inants used in the experimental paradigm
had to be assessed. Since it was not pfsinterest to measure whether TCs get eyecific synaptic
input, but also where the inputs were loczdd across the postsynaptdendrites, the method of s@GRM
was usedPetreanu et al. 2009For sSCRACM;AP and TTX were applied to the extracellular medium to
block presynaptic AP initiation. A photostimulation grid was placed spanning the entire dendritic trees of
the recorded TCd-{gure3.25). The strategy was to use separated-radd bluelight photostimulation
(Figure3.24, left; Figure3.25). First, TCs were patattamped in the ipsilateral core in brain slices where
retinogeniculateaxons expressed ChR2. Photostimulation of ChR2+ axons evoked reliable EPSCs (cell
clamped at70 mV) across the postsynaptic dendritic tree with 473 nm ligtgute3.25A and B). ChR2
driven EPSCs had onsets of 10.9 + 0.1 ms (for Chronos: 7.4 + 0.5 ms) and decayed rapidly (comparable to
Petreanu et al(2009). Photostimulation of the same cells with 637 nm light never evoked EPSCs across
the postsynaptic dendritic tred~{gure3.25B, left). In the same brain slices, TCs were then pelaimped
in the contralateral eye projection zone where retinogeniculate axons expressed ChRmMson
Photostimulation of Chrimsd® retinageniculate axons in the contralateral part of dLGN evoked EPSCs
across the dendritic tree with 637 nm light (onsets: 11.1 + 0.14 ms). However, as expected,

photostimulation of the same cells with 473 nm light evoked EPSCs across the postsynaptic deselritic
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as well Figure3.25C). This activation crosstalk was also further validated in animiedee only Chrimsdr

A Sequential pulse photostimulation
contralateral ipsilateral binocular

&, B, Jr,
N/ N o/
dLGN TC Q
A A A
RGC @ Chrimson @® Chronos [ J ®
e - e
+ 4 + '+

i S,

-70 mV &t/'-——‘
L

B Single pulse photostimulation

“~ W u",“w.

-70mv W»T

Figure3.26 Sequential photostimulation protocol

A Top,scheme illustrating @urely contra, purely ipsilateral and a binocular TC. The responses to sequ
red-blue photostimulation arelisplayed at the bottomLeft, photostimulation of ChrimsonR+ retinogenicule
axons with 637 nm light for 250 ms immediately followed by illumination at 473 nm for 50 ms suppress
excitation of ChrimsonR at 473 nm both at0 and +40 mV (scale bars: 50 pA and 50 ms). Mic
photostimulation of Chronos+ axons at 470 nm evokes PSC&aand +40 mV irrespective of red lig
prestimulation (scale bars: 50 pA and 50 ms (top); 10 pA and 50 ms (bottom)). Right, two examples
stimulation with red light followed by blue liglketzoked two PSCs in a binocular TC (scale bars: 50 pA and
(top left); 100 pA and 50 ms (bottom left); 10 pA and 50 ms (bottom right)). Note, individual cells displ:
second PSC at +40 mV (cell 1) of7@&mV (cell 2)B Single pulse photostimui@n responses to three of the
TCs displayed in A. Numbers indicate where each recorded TC was located within the dLGN. Note that |
light leads to PSC in all cases due to excitation spectral overlap. Left and middle, Sirtigghbhienulation

can activate ChrimsonR+ retinogeniculate axons (scale bars: 10 pA and 50 ms (top); 50 pA and 50 ms (
as well as Chronos+ retinogeniculate axons (scale bars: 10 pA and 50 ms) f@tfaad +40 mV. Right, in
binocular TC, single bldght stimulaion can activate ChrimsonR+ as well as Chronos+ retinogeniculate
both at-70 and +40 mV (scale bars: 5 pA and 50 ms (top); 10 pA and 50 ms (bottom)). When comparin
corresponding trace in A, the evoked PSC at +40 mV under singlégblugtimulation consists of Chroneand

ChrimsonRdriven input.
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was expressed in one ey8upplementary Figurg11). Finding the optimal operational range where blue
light sufficiently activates Chronos/ChRRhout activating ChrimsdRwas practically not feasiblgince

the expression levels of Chrimgrand Chronos/ChR2 varied greatly across slices and animals
(Supplementary Figurg.11).

To evaluate additional experimental parameters that could affect the SCRACM approach in TCs,
the use of objective lenses with different magnifications (x4 vs w&®)tested. Objective leses with
different magnifications did not change the overall outcorr@(ire3.25D). However, since mouse TCs
are quite small in generghcludingmultipolar dendritic arborsthe precise alignment of the grid onto the
cell soma was much easier with a higher magnification objective and consequently an x40 microscope

objective was used for subsequent experiments.

3.5.3 Sequential photostimulation approach

Separated redand bluelight stimulation did not yield unambiguous mapping of eyecific
inputs given the activation of ChrimsRwith blue light. Therefore, the next step was to explore whether
a sequential photostimulation approach, as describedaoks et al. (2015would allow to disambiguate
ChrimsoirR- and Chronosxpressing synaptic inputs to thalamic relay cells under sSCRACM conditions. The
sequential photostimulation approaicmakes the assumption that axons expressinggikifted opsins
(here ChrimsoR) become inactivated by prolonged excitation with red lighthdering them unexcitable
to subsequent blue or red photostimulrigure3.24, right). This approach was directly experimentally
tested in the dLGN context both af0 and +40 m\to capture evoked AMPARediated and evoked
NMDARmediated responses in the same cdlote, recurrert inhibitory circuits were blocked by the
GABA- receptor antagonist bicucullineAdditionally widefield illumination was used instead of
patterned photostimulation to increase experimental throughput.

Photostimulation of Chrimsd® retinogeniculate axass with 637 nm light for 250 ms
immediately followed by illumination at 473 nm for 50 di&l not evoke a second PSC in TCs neither at
70 nor +40 mVKigure3.26A, left). As control, a single blue photostimulation evoked PS@9 and +40
mV in the same cell in accordance to previous SCRACM experinkéguise(.25B, left). In contrast,
photostimulation of ChR2+/Chronos+ axons at 470 nm produced PSOsaaid +40 mV with and without
prestimulation with red lightKigure3.26A and B, middle). Importantly, the PSC onset and tioapeak
responses of ChR2/Chronos were not altered by prestimulattégufe 3.26A and B, middle). Thus,
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applying sequential redlue photostimulation successfully suppressed the crosstalk between
ChR2/Chronos and Chrim$romparable to the approach developed in Hookslet2015.

In order to identify binocular dLGN cells that receive-igsiwell as contralateral input, TCs in the
dorsomedial tip of the dLGN were patclamped. This region was of particular interest since various
studies reported the existence of binocular TCs there. Furthermore, given the increased overlap of ipsi
and caontralateral axonal projections observed in this regiéig(re3.23B) it appeared to be a promising
area to screen for binocular TCs. Indestimulation with red light followed by blue light evoked PSCs
during both stimulus phases in a subset of dgligure3.26A, right) Interestingly, ir8 out of 4 TCs tested,
the second EPSC was only observed at +40 mV but At atV Figure3.26A, example cell 1, compared
to cell 2) suggesting thpresence of AMPAS&Ient retinogeniculate input from the respective other eye.
In comparison, a single blue photostimulation evoked a PSTanV Figure3.26B, right) displaying the

crosstalk activation as observed before ($8gure3.26B, left). Therefore, applying sequential rblilie
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Figure3.27 Dualcolor sCRACM protocol
A Scheme depicting the location of the recorded TC within the dLGN (topN&MPARmediated PSCs evok

by sequential photostimulation at different locations across the dendritic tree of the recorded cell (
Binocular responses are highlighted with boxBse reconstructed morphology of the recorded thalamic ce
overlaidon the PSC traces (scale bar: 40 um; 100 pA and 108mslabelled with asterisk is enlarged at bott
left. Initial ChrimsoR-driven PSC highlighted in red followed by Chredidgen PSC highlighted in bliSimilar
to A with the difference that thexemplary TC displays AMPRARdiated binocular responses upon sequer
photostimulation. Note that the dendritic tree could nbe fully reconstructed(scale bar: 40 pm; 100 pA a

100 ms)
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photostimulation allowed sequential activation of retinogeniculate lpatys defined by Chrims&and
CHR2/Chronos expression.

Asafinal step, duaktolor SCRACM experiments were performed in cells that initially showed two
EPSCs upon sequential witidld photosimulation Figure 3.26B, right). Two exemplary mapping
experiments of binocular TCs are displayed-igure3.27. The TC irrigure3.27A showed binocular
responses only at +40 mV whereas the celFigure3.27B showed binocular responses-&d mV. For
SCRACM experiments, each stimulus in the photostimulation grid consisted of a sequential
photostimulation with red and blue light. Binocular as well as ntahar responses were present at

specific locations across the dendritic tree, suggesting spatially organizespegiic inputs.
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4 Discussion

4.1 Electrophysiological and morphological classification of L2/3
principal cells inv1

In the first part of thethesis a quantitative analysis of electrophysiological and dendritic
morphological properties of L2/3 PCs in mouse V1 has been performed for the first time.

The analysis demonstrates distinct clusters of L2/3 PCs in a parameter space spanned by
electroptysiological or morphological properties. However, none of the clusters obtained for different
properties showclear correspondencearguing againsmorpho-electrophysiologicasubclasses of L2/3

PCs within mouse V1.

4.1.1 Electrophysiological classification

Generallyspeaking electrophysiological properties of neurons are a keymnponent in the
understanding of cortical network function (Contreras 2004) The classification of PCs into
electrophysiological categories based on their active as well as passive intrinsic properties has been
performed across the entire brain numerous studies. For the neocortex, subtypes of L5 and L6 PCs have
been described based on electrophysiological properties in different cortical @&eak et al. 2010, Marx
et al. 2013, VéleFort et al. 2014, Kim et al. 2015, Elliott et al. 20E)r L2/3 PCs, however, only few
studies characterized electrophysiological properties. Most studies on L2/3 PCs were performed in mouse
or rat barrel cortex as well as in ngmimary sensory areas such as prefrontal coftelstrott et al. 2014,
Staiger et al. 2015, van Aerde et al. 2008) date, no study has thoroughly investigated whether there
are electrophysiological subclasses of L2/3 PCs in the rodent visual cortex. Most studies consider L2/3 PCs
in mouse V1 as an electrophysiological homogengrmip of cells in comparison to PCs in other
neocortical layergLarkman et al. 1990, Xu et al. 2016, Gilman etdl72 However, it is unclear whether
there are substantial differences in the passive and active electrophysiological properties of PCs within
L2/3. Trerefore, in the first chapter of this thesis, electrophysiological classification of L2/3 PCs based on
active and passive electrophysiological parameters was performed. Cells were recorded throughout the
entire depth of L2/3 to sample also possible prewigudescribed electrophysiological differesce

between the upper and lower part of L2/Stgaiger et al. (2015).uo et al. (2017)also referred to as L2
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and L3 in some studies, sean Aerde et al. (201p) The electrophysiological parameters for cell
classification were extracted as well as calculated similarly toipue studies(Crockett et al. 2015,
Deitcher et al. 2017, Martinez et al. 2017Mhe mean value of each extracted electrophysiological
parameter in the current dataset was comparable to a statypperformed in mouse V{Gilman et al.
2017)

The combined use of dimensionality reduction through principahponent analysis (PCA)
followed by classification through unsupervised hierarchical cluster analysis is a widely accepted
methodological approach pursued in numerous studiBsimitriu et al. 2007, Woodruff et al. 2011,
Martinez et al. 2017)By applying this methodological approach, six electrophysiological clusters of L2/3
PCs could be revealed within the mouse VAo major clusterscovering 75 % of the entire populatipn
differed in most of the extracted passive and active electrophysiological parameters arguing for at least
two different electrophysiological types of L2/3 PCs within mouse V1. Importantly, thelusters also
differed in electrophysiological parameters that were not directly or only weakly correlated with each
other. For example, the two clusters differed in their spike amplitude as well as the maximal AHP
amplitude, two parameters that are notirgctly linked to each other (seBupplementary Figurg.4),
supporting the idea of two independent L2/3 PC electrophysiological subtypes.

Overall L2/3 PCs are gen#ly considered regular spiking cells, the most common cell type in the
neocortex, with sustained repetitive firing upon current injection or with a single spike at Rheobase
(Larkman et al. 1990, Staiger et al. 20F5wever, L2/3 PCs can also displayfiigguency bursts of AP
firing in an acute slice preparatig¢@aitsev et al. 2012, van Aerde et al. 20T%)e 137 L2/3 PCs recorded
in this study displayed regular spikingehavior with different degrees of accommodation. Bursting
behaviorwas not observed in a single L2/3 PCs in moussiivillar to a study in acute slices of the mouse
barrel cortex(Staiger et al. 2015/ substantial fraction of the obtained electrophysiological clusters (the
two main clusters among them) significantly differed in their maximum spéauénciesorm L2/3 PCs
that fired only few spikes to cells that showed maximum spike frequencies up to 25 Hz.

Since L2/3 is difficult to separate into a genuine L2 and L3 in the rodent neocortex based on
cytoarchitecture stains, it is usually treated @se layer. However, studies have reported differences in
passive and active electrophysiological properties of upper vs. lower L2/3 PCs. The most prominent and
consistent difference is that upper L2/3 PCs shugherinput resistance compared to lower L2RACs
(Staiger et al. (2015).uo et al. (2017)van Aerde et al. (2A®), but seeDeitcher et al. (2017) Similarly,

there was also a small but significant correlation between the input resistance and cortical depth of L2/3
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PCs present in this study. However, none of the obtained electrophysiological clusters displayed a
preferred depthrange within L2/3. This finding was already apparent when performing \wia#%e the

input resistance displayed relatively low weights in the first principal component.

4.1.2 Morphological classification

Only few studies looked into a morphological classificatof PCs within L2/3 similar to the
electrophysiological classification.

The PCA based cluster analysis of dendritic morphology presented here identified seven clusters
of L2/3 PCs based on quantitative morphological parameters. Again, there were twahmsters. These
were different in the extent and complexity of their dendritic branching. The cells of these two clusters
differed also in their depth within L2/3. There was a gradual change in morphological complexity with
distance from the pia: Neurorgeeper within L2/3 had a larger spatial extent and had a more complex
geometry expressed in more branching points both on the apical and basal dendrites. However, cells that
were very close to the L4 border had indeed the longest apical tturtkhad less complex brahing in
L1. Both morphologic&ypes described in previous studies of L2/3 PC dendritic morphology, slender and
broad tufted cellyvan Aerde et al. 2015yvere observed in this study. Whereas the broad tufted cells
were obsered throughout the depth of L2/3, slender tufted cells were primarily located in the lower part
of L2/3 as described in other neocortical ardaan Aerde et al. 2015However, none of the clusters
exclusively contained either slender or broad tuftedsell

A recent study performed in mouse temporal corteound L2/3 PCs that show a distinct
morphology from a typical L2/3 RQuo et al. 2017)These morphologically distinct L2/3 PCs were located
at the border between L1 and L2. These atled L2 marginal neurons have an apical dendrite running
parallel to the pia instead of towards it. In such cases, a clear separation between apical and basal
dendrites is not straight forward. These extreme cases of L2/3 PCs were not observed in agtdata
However, some L2/3 PCs close to the L1 border had an oblique apical dendrite that could not be readily
distinguished from the basal dendrites at first sight. These cells did not reside in an individual cluster in
this study partially due to the reasothat the obliqueness was not captured by any of the extracted

morphological parameters. This shoulddmnsideredn future analyses of this data set.
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4.1.3 Relation between morphology and electrophysiology

Given the observed differences in L2/3 PCs electysigiiogical and morphological parameters
the question was whether morphology could predict electrophysiology and vice versa.

Generally, there is a large body of experimental and theoretical evidedasatingthat dendritic
morphology can affect the soeatic APgeneration(Hausser et al. 2000)

In this studythere were no clear morphological distinctions between cells that differed in their
electrophysiological properties in the subset of 33 cells were both the dendritic morphology and
electrophysiology were obtained. More specifically, theiation of apical and basal dendritic complexity
was similar vthin each electrophysiologgluster (Figure3.6). This observation is in line with studies in
the barrel cortex where electrophysiologically distinct L2/3 PCs did not display systematic differences in
dendritic morphology. In the same stychowever, the axonal projection patterns within the same cortical
area were different between electrophysiological subtypes of L2/3 (Btager et al. 2015)This
observation could not be verified for the mouse visual cortex in this study since the axonal projection
patterns were not recorded and therefore no conclusion can be drawn at this point. It should be noted
that variousstudies, mostly performed in L5 PGRpwedthat the increased complexity of the dendritic
tree alone can lead to various firimghaviorsof PCgLarkman et al. 1990, Yael et al. 1990, Bastiar. et a
2001) However, although these studies could reveal a strong relationship between buystiagiorand
cell morphology, for regular spiking cells the correlation between spl@imgviorand morphology was
not as clear.

The expanation for the lack of association between cell morphology and firing properties for L2/3
PCs in mouse V1 in this study could be due to differential distribution of ionic conductances that dominate
over effects arising from dendritic cell morphology flture experimentsthese parameters should be
experimentally recorded and considered for cell classification. Furthermore, morphological parameters
that have been shown to be highly correlated with passive electrophysiological properties such as the
apicd trunk diameter as well as the soma size were not included in the current analysis (Gilman et al.,
2016). These morphological parameters were difficult to extract from tpédion imaging stack given
the limited resolution compared to imaging of biocyfilied celk in fixed slices using confocal laser
scanning microscopy (as @ilman et al. (2017) Of greatest importance will be to directly relate the
projection targetsto the electrophysiological properties of L2/3 PCs. Pphgection target has been
shown to be a primary factor predicting membrane and synaptic propefesvn et al. 2009, Shepherd
2013)
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4.1.4 Technical and methodological considerations

The selected electrophysiological stimuli used to probe the hquiput responses of L2/3 PCs in
this study were classical st@mange stimuli. This approaaiight miss some electrophysiological
properties and more realistic input pattesduring ongoing activity could be used to probe the dynamic
input-output relationship (Badel et al. 2008)Furthermore, somatic stimulation is not capable of
guantifying the influence of dendritic conductances, a potentially important feature for L2/3 PC
characterizabn.
Concerning the morphological analysis, one should keep in mind that manual reconstruction of cell
morphology islaborintensive and bears the risks of tracing errors. To minimize this error, the
morphological data set should also be traced using one of the vaaimilableautomated reconstruction
algorithms for direct comparison (e.g. reviewed Awcciai et al. (2016)

The classification of L2/3 PCs was based on PCA to reduce the parameter space=thtoed
dimensional spacwith maximized variancdollowed by hierarchicatlustering. Hierarchical clustering
an unsupervised clustering methpdneasured the relationship between each cell ire tataset and
iteratively grouped them into larger clustendierarchical clustering produces interrelated groupjtagsl
does not relyon the predetermination of cluster number as opposed tarieans clustering. The choice
of the threshold intergroup linkage distance determines the number of clusters. Different strategies h
been employed to address the general problem of subjectivitthis choice. In the present studihe
threshold linkagealistance was determined based on a shuffle strategy. The distributions of the individual
parameters are left intact (mean values and SDs are not altered), but the values are shuffled
independenty across cellglisrupting the structured correlations between the extracted parameters. By
performing the shuffling procedure 1000 times approximatedull distribution of the data is obtained.
This distribution can be used to define the threshold dipé distance as the distance lying at thé"95
percentile of the null distribution. This shuffling strategy should be cross validated with other established
strategiesOne strategy would be to add cells of different types to the data set (here: internsuocthe
L2/3 PCsCauli et al. (200QKaragiannis et al. (2009)Anotherstrategy would be to perform silhouette
analysis for the comparison of the accuracy of the clustering results at different linkage distance
thresholds(Rousseeuw 1987The Thorndike procedui@horndike 1953¢ould also be used as method
for the determination of the threshold linkag&€auli et al. 2000, Crockett et al. 201%he Thorndike
procedure suggests that the threshold linkage distance should be chosen at that point where the largest

increase in mean intraluster variance is given.
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In general, the selection of parameters used for cluster analysis is a critical step for the
determination of neuronal subtypes. Adding specific parameter can reduce the discriminative properties
of the other parameters. In thisstudy, the strategy wasto separately use morpho and
electrophysiological parameters in the PCA and subsequent clustering. Considering the small subset of 33
cells vhere both properties were measure@nalyzingall parameters in one PCA would lead to the
problem that a large number of variables would charaezge@ small number of celleand hence the

generalization of the clusters would become difficult

4.1.5 Conclusion and outlook

Are there different electrophysiological and morphological types in the mdiise

The answeto this questiordepends on the longtanding debatef what the minimum common
feature for a cell type is. Looking at electrophysiology by itself, it seems that there are two main clusters
of L2/3 PCs that differed in most of their electhygiological propertiesand some smaller clusters that
rather represent the extremes of each of the two clusters. Importantly, a clear distinction of L2 and L3
based on electrophysiological differences could not be revealed in mouse V1.

Considering morpblogy by itself, the differences in L2/3 PCs are dependent on the location within
L2/3. This becomes apparent when looking at the various morphological parameters correlating with pial
depth. This suggests that from a morphological point of view, L2/3f@®@sa continuum rather than
distinct classes.

Considering morphology and electrophysiology together, distmotpho-electrophysiological
groups of L2/3 PCs do not exist arguing against the presence of different cell types. The total number of
33 L2/3 PE€ where both electrophysiology and morphology was recorded is comparable to the numbers
recorded in other studies looking at potentrabrpho-electrophysiologicadiroups of L2/3 PGgan Aerde
et al. 2015, Deitcher et al. 201 Het, final conclusions on tlaetual subpopulations have to be validated
with higher numbers of cells where both electrophysiology and morphokogyrecorded in future
experiments.

The differences in branching complexigs well as the differences in passive and active
electrophysidogical parameters of L2/3 P@sight be related to their functional response properties (see
Yamashita et al. (2013put seelLien et al. (201}) To further characterize L2/3 PCs, the functional

response properties of L2/3 PCs as well as the local and long rangectioity should be included in
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future experiments. Parts of this habeen performed in the Results sectidh4 of this thesis and will be

discussed below.
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4.2 Anin vivo/ in vitro approach to study laminar connectivity of
functionally characterized L2/3 principal cells

Relating the functional response properties of a neuron to its underlying circuit and synaptic
properties at high resolution is fundamental for a&ahanistic understanding of the brain. However, this
direct relation between function and circujtis only possible to a certain degree iniawvivopreparation
due to technical limitations. Therefore, it is essential to develop ighl approaches thtacombine
functional response measurements with-igentification of the same neurons in brain slices for further
analysis.

Neuronal activity iseadily recordedn vivoby either singleor multi-electrode electrophysiology
or optical imaging ofluorescent reporter molecule©ptical imaging has the advantage that the spatial
location of individual neurons can be directly assessed along with their activity. Most commphbytah
laser scanning microscopy (2PLSM) of synthegilcium indicatorsor GECIs is applied to record
simultaneously the activity of many neuroimsvivo(Stosiek et al. 2003, Svoboda et al. 2006, Akerboom
et al. 2012, Goldey et al. 2014, Rose et al. 208d) further analysis of the same neurons in brain slices
there are only a few studies that were able to penfosuccessful recordings vitrofrom cortical neurons
with known responses to sensory stim(fio et al. 2011, Lien et al. 2011, Peter et al. 20IBg time
consumingunambiguous matchig of cells betweem vivoandin vitrois here the most demanding task.

Thein vivo/ in vitro approach described in this thesis provides a substantial improvement over
previous approaches by enabling higield circuit analysis of functionally &tacterized neurons in brain

slices with the use of a GECI.

4.2.1 Comparison to previou# vitro / in vivoapproaches

The developedin vivo/ in vitro approachprovides a fast and reliable workflow for high
throughput analysis, combining repeated recordingnetironal activityin vivofollowed by analysign
vitro. Furthermore, the developed approach combines advantages of publishedvo/ in vitro
approaches: 1) Similar to the methods introduced by the laboratories of Scafiziamiet al. 2011and
Rumpel(Peter et al. 2013}he presented approach uses sparse labelling wistracturalmarker. 2) The
matching of cells betweem vivoandin vitrois performed by carefully aligning reference coordinates,
and matching fluorescent celbased on their morphologies and mutual arrangement comparable to the

approach introduced by Mrsi€logeland colleaguegKo et al. 2011)Howeve, there are essential
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differences to the publisheth vivo/ in vitro approaches. The novel approach described here does not
rely on timeconsuming photo activation of individydunctionally characterized neuronand instead
uses a constantly presentrsctural marker. This is a main advantage over thegbP approaches that
require preselection of target neurons, and as an additional steeir individual photeactivation during

the in vivoexperiment. Compared to the method introduced by M+Blogé and colleagues, a constantly
present structural marker removes the limitatiavhere the in vitro experiment has to be carried out
within hours afterin vivoimaging, before the neurons lose the OGBabel. Furthermorethe main
limitation of both publikied invivo/ in vitro approaches by using a synthetic calcium indicator is that this
restricts the study of neuronal activity to a single time paintivo. The use of a GE&3 performed here
overcomes this fundamental limitation angrovides the potenil for repeated, chronidn vivo
investigation expandingthe combinedin vivo/ in vitro analysis for studyingelttype specific neuronal

plasticity, learningrelated changes and alterations during the course of disease.

4.2.2 Applications of thein vivo/ in vitro approach

The describedn vivo/ invitro approach is applicable fan vivoimaging of neuronal activity in
mouse cortex with 2PLSMnd therefore allows studying neuronal activity underlying behafkedler et
al. 2012Petreanu et al. 2012, Li et al. 20H5d assessing alterations in neuronal activity in mouse models
of disease(Liebscher et al. 2016, Hamm et 2D17) The developedn vivo/ in vitro approachis
particularly suited to monitor neuronal activity repeatedly over long periods of time, for example during
learning, experiencelependent plasticity or disease progression or remission, to investigate
corresponding changes in neuronaligity and subsequently the underlying alterations at the neuronal
circuit and cellular level.

Apart from mice, this approach can be adapted to any mammalian model orgamibere
corticalin vivo2-photon calcium imaging has been establishedluding orgnisms such as ra{Scott et
al. , Ohki et al. 2005Jerrets(Smith et al. 2015kats(Ohki et al. 2006and norhuman primategHeider
et al. 2010, Li et al. 2017)

For relating the recorded neuronal activityvivoto the underlying neuronal substrate at the level
of neuronal circuits, neurons and synapses, separate recordings are yserddlymed on the same cell

type invivo and in brain slice¢Barnes et al. , Keck et al. 2013, Kuhlman et al. 201%) established
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approach allows performing such recargs on the very same neurons, thus allowing dicmtelation

of in vivoactvity with the underlying cellular and synaptic properties as well as the neuronal connectivity.
The invivo part of the approach can be adapted to miniaturedt 2-photon microscopy for

investigations in freely behaving animgiv et al. 2013, Resendez et al. 2016, Zong et al. 2@{ond

the headfixed anesthetizedMittmann et al. 2011, Rose et al. 2018)awake(Pakan et al. 2016, Rose et

al. 2016 xondition Likewisethe in vitropart can be extended to any method applied to acute brain slices

such as multiple patch recordings assess local connectivity between functionally characterized neurons

(Hofer et al. 2011, Ko et al. 201Xathwayspecific circuit and synapse mapping usingoggnetics

(Petreanu et al. 2009and in addition cell type characterization by singédl PCRCadwell etl. 2016)or

by immunohistochemistry for assessing neuronal markers

4.2.3 Limitation of thein vivo/ in vitro approach

While thein vivo/ in vitro approachallows efficient matching of cells between threvivoandin
vitro preparatiors, there are someimitations with regard to specific scientific questions. For studies in
early developmentthe use of viral injections to deliver GEClIs and fluorescent markers is not sudtable,
viral transduction takes-2 weeks. A possible solution for this is to usmsgenic animals constitutively
expressing a calcium indicator in neurons (e.g. Tg{@EaMP6s)2NielWekselblatt et al. (2016)or
alternativelys to performin uteroviral injections(ltah et al. 2004pr DNA electroporatiorjPotter et al.
2003)

As in previousn vivocalcium imaging approaches, the brain area of interest needs to be made
accessible optically forghoton calcium imaging in order to be able to study the same icellvoandin
vitro. While the longterm cranial window rathod has been used in young anim&lB8,PorteraCailliau
et al. (2005), the brain slice preparation puts an upper limit on the age that caaffeetively studied.
The older the animal, the more difficult the brain slice preparation will be for obtaining high quality acute
tissue slices. Therefore, the described approach has only been used for brain slice preparations from
animals up to P100.

Another critical point is that denser labelling and a larger area of expression in the brain, beyond
the area of interest, decreases throughput, as identification of the correct brain slice followed by the
unambiguous identification of cells characterizadvivotakes more time. The density of expression has

to be adapted to the individual experimental needs in order to achieve the appropriate balance between
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imaging a sufficient number of cells vivg and the time it takes to successfully-igentify cdlsin vitro.
Critically, the time taken for cell fendingin vitromust be minimized in order tmaximizethe number of

cells that can be recorded before the brain slices degrade.

4.2.4 Conclusion and outlook

The invivo/ invitro approachdevelopedin this thesis closes the gap between chroimi@ivo
imaging of neuronal activitynd investigating neumal circuit connectivity and cellular as well as synaptic
physiology with high resolution methodis vitro. The described approach is reliable amdetiefficient,
yielding a higkthroughput. Moreover, it can be adopted to various animal models, brain areas and allows
studying individual cell types embedded in neuronal circuits.

In future experiments, the imivo/ invitro approach has enormous potdal for studying

plasticityrelated changes of individual celéd the underlying circuit rewiring at high resolution.
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4.3 Laminar synaptic inputs to functionally characterized L2/3
principal cells

One of the main objectives of this thesis was the chamzation of L2/3 PCs to reveal potential
subtypes embedded in different functional microcircuits. Electrophysiological and morphological
properties of L2/3 PCs were investigated in cha@dr Both the morphology and electrophysiology
analyses separately viewed suggested classes of L2/3 PCs with different properties but did not reveal
distinct morpheelectrophysiological L2/3 PC subtypes within V1.

In chapter3.4, the functional response properties of L2/3 PCs and their laminar excitatory and
inhibitory connections were measured within the same cells following the developeéyhalghin vivo/
in vitro approachdescribed in bapter3.2. Following the newly developéd vivo/ in vitroapproach, this
thesis was ablefor the first time to directly link excitatoy and inhibitory input patterns to functional
response properties of individual neocortical neurons.

The understanding of functional heterogeneity of neocortical networks requires simultaneous
analysis of their cellular element®berlaender et al. 2012, Helmstaedter et al. 20%8hsory response
properties(Niell et al. 2008, Oberlaender et al. 2012, Yamashita et al. 2013;Meet al. 2014, Kim et
al. 2015) inputconnectivity as well as output projectis(VélezFort et al. 2014, Kim et al. 201%)or the
definition of a cell type, it is under current debate what exact projsrineed to be included for cell
characterizationand how many properties need to be homogenous within a population of cells and how
many properties need to be different to other cells. Therefore, aiedidefinition of a cell type is still
missingto date (reviewed inFishell et al. (2013¥eng et al. (2017)However, the genetic makeuy a
cell is probably the most deterministic property for a cell tyged advances in gene profiling techniques
over the past decades guided and will guide neuronalatassification in the futuréShapiro et al. 2013)

In the present study, laminar input connectivity, dendritic morphology andivo functional
response properties were used to clasif/3 PCs in mouse V1. Although recent work could demonstrate
GKFG GKSNB IINB W3aSydaySQ adomieéelLlSa 2F t/a akKlNARy3
morphology and functional response propertiesttie infragranular layers of \(WélezFort et al. 2014,

Kim et al. 2015)relating the functional response properties, laminar excitatory and inhibitory input and
the morphology within the same ceatbuld not reveal homogenous subtypes of L2/3 PCs in V1 in this

study.
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4.3.1 Laminar input connectivity of L2/3 principal cells

The spatial organization of excitatory and inhibitory laminar inputs to L2/3 PCs were mapped using
LSPS by UV glutamate uncagimgcute slices of V1. The excitatory and inhibitory input was mapped
within the same L2/3 B@nabling a direct comparison of spatial overlap between excitation and inhibition
in contrast to previous studies where excitation and inhibiticere recordedin separate setof cells(Sun
et al. 2016, Xu et al. 2016Fenerally speaking, L2/3 PC excitatory and inhibitory synaptic connectivity
recapitulatedclassical aatomical tracinggBurkhalter 1989)in that they receive excitatory inputs from
L2/3, L4 and L5 and strong local inhibitory input. However, upon further examination different input
patterns to L2/3 PCs were idéfied through unsupervised hierarchical clustering. L2/3 PCs were divided
into three major groups based on their laminar excitatory and inhibitory inputs. Whereas cells in all
clusters received a significant relative amount of their excitatory and itmhibfrom L2/3, the relative
amount of excitatory and inhibitory synaptic inpfiom L4 varied in these three clusters. L2/3 PCs in
cluster 1 are comparable to a group of L2/3 PCs observed in the auditory ,coet®iving strong
excitatory and inhibitory synaptic input from L2/3 while receiving a small amount of excitatory input from
L4(Meng et al. 2017)However, the locatio of these cells within L2/3not comparable between the two
studies. Whereas the most superficial L2/3 PCs in the auditory cortex seem to get the smallest amount of
excitatory input from L4, L2/3 PCs displaying similar input profiles in V1 are ndicalciocated in the
most superficial part of L2/3. The functional response properties could only be measured in two cells of
this cluster and hence no conclusion about their functional role within L2/3 can be drawn at this point.
Casidering the smakhmount of excitatory L4&ontribution in these cells one could speculate thhey
have diverse visual tuning and not simply the same tuning as the feedforward input from L4 PCs. Following
the same argumentation, L2/3 PCs that have less intéigal but grong L4 input, cluster 3 cells in this
d0dzRes &aK2dA R aK2g¢g fSadaa RAGSNBS @QAradzat ddzyay3a aa
However, cluster 3 cells do not show unique overlap with cells in clusters obtained with the functional
responseproperties that display strongly selective tuning (duonctional responselusters 1 and 2). L2/3
PCs in input cluster 2 were on average localized higher within L2/3 and displayed the leasbegpdspl
of excitatory and inhibitory input from L4. Thisoperty, however, is neither related to the dendritic
morphology nor to the extracted functional response properties. In general, the strong-depeéndent
gradient of excitatory L4 input with lower L2/3 PC receiving more L4 excitatory input obsertfezl in

auditory as well as barrel cort€$taiger et al. 2015, Meng et al. 20XAnnot be confirmed for visual
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cortex when considering all cells in this study. However, it should be noted that within cluster 2, L2/3 PCs

do display a deptldependent gradient of exatory L4 inputFigure3.17).

4.3.2 In vivofunctional response properties of L2/3 principal cells

The extracted functional response properties in this study encompagsedlly evoked as well
as spontaneous activity of L2/3 PCs in the binocular zone of V1 in anesthetized mice. Drifting gratings were
used to assess visual response properties of L2/3 PCs. Spontaneous activity was recorded during complete
darkness. Indeperght eye stimulation gave the possibility to extract egpecific orientation and
direction tuning preferencess well as to quantify the degree of ocular dominance of individual L2/3 PCs
in the binocular zone of mouse Vdimilar to a previous studgRose et al. 2016)The distribution of
orientation and direction selective cells was similar to previous stughesll et al. 2008, Jaepel et al.
2017) Most of the 2777 recorded L2PCs were located in the anterior part of binocular V1 and displayed
a preferred SF of 0.02 cycles per degm@mparable to previous studigdan et al. 2015, Zhang et al.
2015) Most cells preferred the lowest TE cycles per/sused in this study. Work in anesthetizedraais
report TF preferences of [2 PCs between 0:& cycless (Marshel et al. 2011, Tan et al. 201&)d
therefore the observed preferred TF seems to be compa@biesidering these results, future studies
should aim at scanning the range of TFs lower than 1 cycle/s.

The visually evokea@s well as the spontaousproperties measured in the sample af vivo/ in
vitro characterized L2/3 PCs was representative for the entire population wf/ocharacterized cells.
However, there was a slight bias towards orientation selective L2/3 PCs imthio/ in viro
characterized L2/3 PCs compared to the population distributiigufe3.19). Nevertheless, the whole
parameter space was covered by the sampléofivo/ in vitro characterized L2/3 PCarguing against
strong sampling biases towards a specific visual response property

Hierarchical clustering based on the visual response properties and spontaneous activitinof the
vivo/ in vitro characterized L2/3 PCs raled four clusters of cells. Among these clusters, two contained
L2/3 PCs that either preferred high TFs and low SFs or vice versa (cluster C1 and C4). Compared to previous
studieslooking at higher visual areas surrounding (@Glickfeld et al. 2013, Kim et al. 201@phe can
hypothesize that cluer 1 contains Adprojecting whereas cluster 4 contains Rivbjecting cells.
However, cells of these two clusters did not separate into two different laminar input clustensing

against distinct excitatory and inhibitory laminar inpub these cells
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4.3.3 In vivo/ in vitro approach for L2/3 principal cell classification

For relating recorded neuronal activiip vivo to the underlying circuit connectivity at high
resolution separate recordings are commonly performed on the same gedlityvivoand in brain slices
(Barnes et al. , Keek al. 2013, Kuhlman et al. 2018)t not on the very same neuron$herefore the
resulting conclusions from these studies about functional response propgatiesthe underlying circuit
mechanismgsare always indirectly inferred from the observation made independéntiyvoandin vitro.

In some studies, genetic markers faatie the comparisorfVélezFort et al. 2014, Kim et al. 201t still
different sets of cells are measur@uvivoandin vitro. The establisheth vivo/ in vitro approach allows

for performing such recordings on the very same neur@ml thuspermits directly correlatingin vivo
activity and the underlying neuronal connectivity. An already aforementioned study performed circuit
mapping in acute auditory cortex slicemd could demonstrate differences between upper and lower
L2/3 PCs laminar connectivifMeng et al. 2017)The same study measured functional response
propertiesin vivoon different sets of L2/3 PCs and could reveal dejg#hendent differences in tuning
properties of L2/3 PCs. The stutyncludes then that the differences in laminar cootigty underliethe
observed differences in tuning properties. This indirectly drawn conclusion could be easily verified using
the establishedn vivo/ in vitro approach. The observation that the laminar connectivity differences of
L2/3 PCs in this study were comparable to the ones observed in the auditory ,doutesould not be

directly linked to visual tuning propertieargues against this conclusion at leewsthe visual cortex.

4.3.4 Subcircuits within L2/3

Two studies in Vivere able toclassify L5 and L6 PCs into different subtypes based orirtheio
functional response properties and corresponding connectivity patteass well as genetic and
electrophysiological characteristiqd¥élezFort et al. 2014, Kim et al. 2019)hese cevarying properties
strongly argue for discrete cell types in the infragranular layékslo

Following the common definition of a cell typghere cells display similar molecular, anatomical
and physiological properties, the first attempt to classify cells is to use a genetic marker. For example, the
aforementioned classification of L5 Pi@sthe visual cortex were based on genetic markers and the
development of corresponding mouse lines. For L2/3 PCs, however, there arerfieticgnarkers that
specifically label a fraction of cells at present. One example is the genetic riddiddewhich § selectively

enriched in L2/3 PCs across the mouse cortex. A study used this genetic madstntbetherWfsl(+)
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L2/3 PCs represent a functionally distinct subset of cells within V1. Howa¥el(+) L2/3 PCs did not
display functional differences whdaoking at orientation and direction selectiviigs well as spatial and
temporal frequency preferencg®ariwala et al. 2010)

Despite the lack of genetic markers labelling functional subtypes, work in L2/3 of mouse V1 has
identified the similarity of visually evoked responses of L2/3 PCs as the prime predictor of synaptic
connectivity on a loal scale within L2/3usingboth paired recordinggKo et al. 2011, Cossetllal. 2015)
and EM reconstructionf_ee et al. 2016) Furthermore, L2/3 PCs in V1 make spegifojections to the
higher visual area8L and PMGlickfeld et al. 2013ndthose L2/3 PCs that project to the same target
preferentially connect to each other on a local s¢atbereas connectivity between L2/3 PCs projecting
to different targets is rardKim et al. 2017)However, the intrinsic properties of these AL dpilt
projection neurons were indistinguishable. The dendritic morphology and the laminar connectivity of
these cells have not been investigated. Comparably, a study demonstrated that L2/3 PCs within S1 display
functionally different response properties t@agsive and active tactile sensatiframashita et al. 2013)
These differencedn functional response properties were accompanied by target specific axonal
projections of these cells (projecting to either higher somatosensory areas or primary motor cortex)
Furthermore, the passive and active electrophysiological properties weretitf between these L2/3
PCs. This suggests that these cells belong to different information streams within the somatosensory
system(Yamashita et al. 201.3lowever, the same study did not investigate the genetic profiles, dendritic
morphologynor the local connectivity of these cells. For all of these studies performed iniL®/3uld
be of great interest to evaluate whether these cells are embedded inavenlapping sukircuits and
therefore define cell types of their own.

In the present study, the excitatory and inhibitory laminar connectivity of functionally
characterized L3 PCavasmeasuredbut no clear separation into categorieaded on laminar synaptic
inputs, functional response properties agell as morphological identitgould be detected. There are
several explanations for this observation. Firstly, the functiateitity of a L2/3 PC might not be captured
by its laminar inputsbut rather by its local recurrent connectivity within L2/3. In the present study, all
L2/3 PCs received sing local excitatory inputs independent of their cluster assignment with different
relative amounts of excitatory input from L4 and L5. Small but potentially important local connectivity
differences cannot be resolved using LSPS by UV glutamate un@agirigence would not be detected.
Secondly, the observed laminar differences coutdierlie functional response properties either not

covered in the visual stimulation protocatsr in the extracted parameters to futionally classify L2/3
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PCs. Therefore, one could include the overall responsiveness measuredrather than solely exacted
selectivity indices such as OSI, DSI and ODI. Similarly, one could notlag thefractional synaptic
input but look also at the absolute synaptic input in its entirety rather than in a isgecific manner.
Thirdly, L2/3 PCs could displayfumctional continuum rather than discrete types of celghich is
potentially reflected in the gradient of input strength as observed in a study in the barrel d&iftsrott
et al. 2014) However, preliminary correlatiebhased analyses did not reveal any clear relation between
input strength from the individual layers for a particular celhd the corresponding visually evoked
calcium amplitudes (data not showmjinally, the time between thim vivoandin vitroexperiments could
be a potential caveat in this study. The measured tuning properigsh as ocular dominance as well as
orientation and direction selectivity could be unstable in L2/3,R648 hence the underlying circuit could
be rearranged from one day to the other. This would mean tha highly dynamic system, the observed
tuning property at one time point might not refletite visual tuning observed the day before. However,
it has been shown that the correlation of tuning properties over days does not progressively decline over
time (Rose et al. 2016)Therefore, it can be assumed that thederlying circuit isstable and strong
laminar synaptic input rearrangements are unlikely to occur within htudays

Taken together, the overall question remains: Why can L5 and L6 PCs be separatitensiot
subtypes based on their visual responseperties and connectivity, but L2/3 PCs cannot?

The most crucial differences between the infragranular layers and L2/3 are the output projections.
L5 and L6 caain IT, PT and CT neurons whereas L2/3 only contains IT neurons. The differences in
connectivty and visual tuning properties of L5 and L6 PCs are based on the genetically defined projection
types of IT, PT and CT neurons in the infragranular |dyétezFort et al. 2014, Kim et al. 2015, Lur et al.
2016) Therefore, the subdivision of IT neurons within3.8bes not lead to further neoverlapping
subtypes comparable to L5/L6 IT neusorrurthermore, PCs in L2/3 have a different coding strategy
comparedto the infragranular layers. L2/3 PCs follow a sparse codingreas PCs in infragranular layers
follow a dense coding stratedBarth et al. 2012, Petersen et al. 201Bherefore, the overall questiosf
to what extent the function of a PC is determined by its individual tgp®y its circuit connectionseeds
to be differentially addressed based on the laminar locatioseéims that the computation of L5 and L6
PCs is performed using subtyppecific division wheas within L2/3 cellular individuality plays a minor
role in the context of larger neuronal networks where each PCs can be embedded in different functional

sukxircuits, thus increasing the computational role of single cells.



Discussion 111

4.3.5 Methodological consideratio

The combined dataset of functional response, laminar input as well as morphological properties
resulted in a mulimodal dataset where a few dozen L2/3 PCs wescdbed by a larger number of
parameters. Thiproblem is known as n<<p (n=number of cells, p=numbers of paramétassie et al.
(2001). To minimize this problem, separate cluster analyses were performed on the different types of
data (electrophysiology, morphaly, laminar input and functional response properties). The
interrelations of the different cluster solutions were then compared. Additionally, as previously
mentioned, each of the data sets were separately analyzed using a combination of PCA and hi¢rarchic

clustering.

4.3.6 Conclusion and outlook

Neighboring L2/3 PCs in mouse V1 digpleterogeneous tuning properties and various excitatory
and inhibitory laminar input connectivityatterns Is the heterogeneity observed in functional response
propertiesdirectly reflected in the differential synaptic connectivity of L2/3 PCs?

Directly relatingthe functional response properties with its underlying laminar synaptic input
within the same L2/3 PCs did not reveal clear L2/3 PC subtypes embedded in funoimnoalrcuits at
this scale. The heterogeneity of visual tuning was also not reflected in the L2/3 PC dendritic morphology.
However, potential laminar connectivity differences could be evaluated with different approaches
providing better spatial resolutin such as ceipecific optogeneticBaker et al. 2016 Furthermore, the
ongoing identification of specific genetic markers for PCs within L2/3 and the creation-dfigelines
(Tasic et al. 2016, Harris et al. 20i&ses hopes for more specific tools to investigate potential L2/3 PC
subtypes. Finally, analyzing the currenultidimensional data with further, more complex approaches
(such as sparse reduced rank regresgfmomises more insights into the relationship between response

properties and circuit connectiviiKobak et al. 2018)
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4.4 Mapping of eyespecific retinogeniculate inputs onto mouse
thalamic neurons

The dLGN has mostheen considered as a relay station that simply forwards the activity of RGCs
to V1 in parallel eyspecific streams without major processing. This view has been challenged by recent
work, demonstrating that already on the level of the dLGN TCs encodariafum for orientation and
directioninstead of simply providingntuned input to corteXSun et al. 2016}urthermore, TCs seem to
be part of a large complex network where individual RGCs connect to various different kindsafdlrCs
different kinds of RGCs @onervate individual TCs. Therefore, dLGN lacks strictly separatergen
pathways(Morgan et al. 2016)Moreover, there is strong experimental evidence challenging the-long
standing dogma fostrict eyesegregation within the adult dLGrguing for binocularity already at this
level of the visual system. Finally, recent work also observed expergapmndent plasticity at the level
of the dLGN in the adult mouse, a property that has beesua®d to be an exclusively cortical
phenomenon(Jaepel et aR017, Sommeijer et al. 2017)

Considering these findings, the exact circuit underlying birasityl of single TCs and its
alterations through plasticity still remains to be determined in the adult visual system. In principal, direct
binocular integration at the level of the retinogeniculate synapse could be a simple explanation. However,
indirect ntegration at the level of single TCs mediated by cortical or subcortical feedback structures is also
plausible given the significant input from these structur@@ickford et al. 2015)

To study the retinogeniculate synapseagsotential locus for the emergence of binocularity and
its implication in plasticityelated changes, the last part of this thesis demonstrates an experimental
approach enabling a direct readout for functional binocular retinogeniculate convergence.

Thein vitroduakcolor photo stimulation approach developed in the context of this thesis allows
studying eyespecific retinogeniculate transmission without any contaating cortical and subcortical
feedback transmission. The egpecific expression of two light activated channels with distinct excitation
spectra (Chronos/ChR2 and ChrimBprcombined with sequential photostimulatiomllows activating
the inputs fromboth eyes separately and indeed reveals the existence of binocularity at the level of the
retinogeniculate synapse within the adult dLGN. Preliminary results suggest that structurally present but
functionally silent ipsilateral RGC input exist within teesbmedial part of the adult dLGHs is evidenced
by the AMPARilent retinogeniculate responses of the respective other eye in 3 out of 4 cases.
Furthermore, preliminary findings hint to the existence of purely ipsilateral TCs in the ipsilateral projection

zone, an observation still under current debate
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4.4.1 Binocularity within the dLGN of the adult mouse

Previous studies could show that the esegregation within the dLGN takes place during
development in mammals. In the first postnatal weel. GN axon terminals from the ipsand
contralateral eye still werlap and individual TCs respond to stimulation of both eyes. During
development anatomical rearrangements of RGC axon terminals into-spgeific zones occur
accompanied by the loss of binoaukesponses of individual TESVI dzoAS! NSl fannnp>vapdi da S
al. 2006) Recent work, however, suggestathTCs in the dLGN of the adult mouse receive input from a
large number of RGCs from both retinaeguing for the existence (or persistence) of binocular cells in
the dLGN(Rompani et al. 2017)This anatomical finding goes along withvivo electrophysiological
recordingsin rat (Grieve 2005and mousgHowarth et al. 2014hat showedbinocular responsive TCs in
adult dLGN. Furthermore, a receint vivo2-photon calcium imaging study found binocular responsive
thalamic afferents in layer 1 of the binocular visual cortéaepel et al. 2017Ymportantly, all these
studies observed purely contraand ipsilateral TCs besides binocular TCs although the fraction of
binocular as well as purely ipsind contralateral responsive TCs varied greatly between these studies.
Possible explanations fohése nonmatching numbers could be the different experimental techniques
(electrophysiology vs. calcium imaging), the choice of stimuludi@ldllight flashes vs. moving gratings)
or the recording locations within dLGN (shell region of the dorsomdgiakt vicinity to the medial dLGN
core). However, none of the above studies could disentangle at which level the observed functional
binocularity emerges. This is partially due to th&perimental difficulties to isolate eyspecific
retinogeniculate inpts onto single TC# vivo without contamination of recurrent inhibitory and
excitatory circuits as well as subcortical and cortical feedback projections.

The acute dLGN slice approach used in the present study circumvents these difficulties associated
with in vivoexperiments. The thalamic slice preparation has the advantage that potential confounding
feedback connections from cortex and subcortical structures to the dLGN are simpinduecurrent
inhibitory circuits potentially activated by the stifation of RGC axonal projections can be blocked by
GABA- receptor antagonists (here: bicuculline). This enables studying monosynaptic retinogeniculate

inputs. This indeed revealed monaosynaptic retinogeniculate inputs from both eyes onto single TCs.
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4.4.2 Technical considerations

Unlike the independent electrical stimulation of the two optic nenaghe electrical stimulation
of the optic tract using the isolated brainstem preparat{@o et al. 2002, Ziburkus et al. 20083quential
photostimulation enables specific activation of intermingled Chronos and ChriRpsmitive presynapt
elements independently within the dLGN. In contrast to electrical stimulation, severed axons expressing
Chronos and Chrims&tan still be activated by photostimulation. Furtherrapthe dualcolor SCRCM
approach(Petreanu et al. 2009)llows not just the recording of eys&pecific synaptic input strengtbut
also reveals the dendritic location of binocular inputamsingle TGsn contrast to electrical stimulati.

The initially applied separate photostimulation approach in this stiityufe3.24, left) relies on
the separate activation of ChrimsBrand ChR2/Chronos using reahd bluelight stimulation. Although
the channelrhodospins tested display in princigaitinct excitation spctra, ChrimsoR can be activated
not only by red lightbut also by blue light to a nenegligible degre€Klapoetke et al. 2014As previously
reported, the crosstallprevention relies on carefully determining the blue light intensities that are
sufficient to activate Clanos/ChR2 without activating Chrimder(Klapoetke et al. 2014) In the
presented experiments, however, a clear spectral separation could not be achieved given the variability
in expression levels across slices as well as aniaradspotential differences in intrinsic exaftility of
presynaptic fibres. Therefore, a sequential photostimulation approach was wsgdré¢ 3.24, right).
Although the sequential photostimulation successfwiyrked with ChrimsoRand Chronos/ChR2 in the
presented experiments, a major caveat has to be considered: The approach does not allow high frequency
stimulation protocols due to the required subsequent stimulation and the relatively slow kinetics of
Chrim®nR (Klapoetke et al2014) This precludes the uses of, e.g. high frequency stimulatiorrahiat
protocols in the context of lonterm potentiation at the retinogeniculate synapse.

One general disadvantage of using viral vectors for circuit mapping is the varying ixplessls
across injections and neurons. For the current approach intravitreal eye injections are used to achieve
channelrhodospin expression in RGCs in both retinae. The main problem of intravitreal eye injections is
potentially insufficient or incomplettransduction of RGCs in both retinae. Patchy RGC transduction could
significantly alter experimental observatignand result in drawing wrong conclusions. Thus, future
experiments critically rely on optimized intravitreal eye injections of the opaimd the quantification of

transduction efficiency at the level of the RGCs.
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4.4.3 Silent synapsswithin the dLGN

Across the developing braithere are many excitatory synapses that show NMDAR responses in
the absence of functional AMPARs. These synagsetermed (postsynaptically) silent synapses. Silent
synapses can be observed when the postsynaptic cell is vaitagged to a depolarized potential,
thereby releasing the Mgblock of NMDARs.

Immature retinogeniculate transmission is mediated vidaghatergic synapsesontaining both
AMPARs and NMDARZhen et al. 2000)nterestingly, the ratio of AMPAR/NMDAR changes throughout
development. Before eye opening (~P12) the ratio is approximately four times lower in immature
synapses comparedith mature synapses (~P3Chen et al. (2000) Furthermore, about 13% of RGC
inputs at the immature synapse do not evoke AMPAR currents (cell valtagwed at-70 mV) but
NMDAR currents at a depolarized potential (+40 mk@rédfore, a significant fraction of retinogeniculate
synapses in young animals express only NMOQ&Rasn et al. 2000)

In the presented experiments, adult retinogeniculate synapses contained both RNMR&
NMDARs aasistent with a previous gty (Esguerra et al. 1992)nterestingly, in 3 out of 4 TCs that
received input from both eyes, the ipsilateral retinal input was only NMBbwRiated and therefore silent
at-70 mV whereas the contralateral input was AMPafRl NMDARnNediated. Moreover, silent synapses
were present at specific location across the dendritic tree of the postsynaptic cell once investigated with
SCRACM. The intesegng question is whether the observadent synapses in the adult animal could be
latent synapses that are still remnants of a developmental refinement prog&ssn et al. 2016)The
presence of silent synapses could also exptha discrepancy between structurally and functionally
identified numbers of RGCs converging onto a single TC. Structural approaches could demonstrate that
up to 91 RGCs can converge onto a singlgRb@pani et al. 2017yvhereas functional approaches could
identify up to10 inputs with 33 exceptionally strong inputs that converge onto a single TC in the adult
(Chen et al. 2000, Litvina et al. 201¥his structure/function disconnect could be explained by structurally
present retinogeniculate inputs that are silent and have not been observed in functional approaches s
far.

Noticeably, a single cell in our limited data set showed both g=®i contralateral responses at
- 70 mV arguindor additional active binocular retinogeniculate synapses besides silent synapses in the

adult animal.
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The observed binocular respans TCs were located in the dorsomedial regiost outside of
the ipsilateral projection zone. This region has been previously suggested to be the prime location for
binocular responsive TC3aepel et al. 2017)

Another topic under current debate is whether there is an exclusive ipsilateral visual
representation in the dLGN. There are studies arguing for the existence of purely ipsilatis@babb
et al. 2003, Jaepel et al. 20%f)d against i{Howarth et al. 2014, Sommeijer et al. 201RYrely ipsilateral

TCs were found in theenterof the dLGN ipsilateral core in the current study.

4.4.4 Plasticity at the retinogeniculate synapse

Two recent studies could demonstrate experieftapendent plasticity at the level of the dLGN
using the monocular deprivation paradigm in the adult mo(Jsepel et al. 2017, Sommeijer et al. 2017)
Additionally,one study could show an involvementt AMPAR and NMDAR in shtegtm plasticity at the
retinogeniculate synapsgChen et al. 2002)n light of these studies, the observations of persistenteye
specific dent synapse in the adult animal in this study might giyeime insightsinto the underlying
plasticityrelated mechanism. In principle, the retinogeniculate synapses containing only NMDAR could
serve as a silent pool of synapses that become rapidlyagetithrough activitydependent insertion of
AMPARSs. More specifically, the unsilencing of individual ipsilateral RGC inputs could explain the ipsilateral
eye strengthening of originally contralateral thalamic afferents after monocular deprivation obskeyved
Jaepelet al. This hypothesis could be directly tested with the de@lbr photostimulation approach
presented hereby mapping the ey@specific inputs onto single TCs in monocular deprived and in control

animals to reveal possible unsilencing at teénogeniculate synapse.

4.4.5 Conclusion and outlook

In summary, this part of the thesis sessfully developed a sequentfdiotostimulation paradigm
enabling eyespecific retinal input mapping onto single TCs. The application of this-cdlaal
photostimulation approach provides first evidence of binocularity at the level of the retinogeniculate
synapse.

Future experiments will need to further asses the exact location of binocular TCs within the adult
dLGN, study the proportion of eyspecific NMDAR and AMPA&ependent retinogeniculate synapses and

disentangle the mechanism underlying experieldependent plasticity.
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Supplementary Figur&.1 Histogram distributions for electrophysiological properties and pial depth
The distributions of the 18 extracted electrophysiological parameters are displayediindual histogram
each grouped into 8 bins for the 137 L2/3 PCs. The individual parameter numbers are indicated at

histograms. The last histogram depicts the somatic pial depth distribution of the cells.
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Supplementary Figur&.2 Correlations between all measured electrophysigjical features in the 137
L2/3 principal cells

The color of each entry in the matrix corresponds to the Pearson coefficient values (r) according to th
bar displayed at the right. Multiple correlation correction was applied and coefficients withugev >0.05

are set to 0 (white).
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Supplementary Figur&.3 Euclidean distance cudff criterion determination for cluster separation
A Euclidean distance distributions of the hierarchical dendrogram obtained from the electrophysiologic
and the shuffled data using 1000 iterations. Lines indicate the mean + 2xSD (middle, upper and low
respectively) B Histogram of Euclideadistances of the hierarchical dendrogram for the data and the shu
data using 1000 iterations. The®percentile in the shuffled data histogram was defined as theaffitlistance

used for cluster separation in the dendrogram.
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Supplementary Figur&.4 Comparison of electrophysiological properties across the 6 electrophysiology

clusters

The group averages are plotted for each of the 18 electrophysiological param&tersndividual paramete

numbers are indicated above the bar plots. Significaffedénces are denoted witleoloredasterisks (p<0.0!

KruskalWallis tes$, multi-comparison correction). Calandicates which two clusters are compared, star

from leftto right. The last bar plot compares the cluster averages of the somatic pial depth (n.s.: not sign

different). For p values seBupplementary Tablg.1.
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Parameter i, 2 4 5
Cluster p value Cluster p value Cluster p value Cluster pvalue
2 5 0.0071 1 3 52707 1 3 0.0001 1 3 1.46E-05
2 6 3.87E-06 1 4 2.59E-05 1 4 0.0001 1 4 0.0003
3 5 0.0019 1 5 9.10E-05 1 5 0.0091 1 5 0.0002
3 6 LEBJVE-O6 2 3 2.35E-05 2 3 2.70E-0b 2 3 0.0136
2 4 1.95E-03 2 4 2.44E-05 3 6 B.89E-05
2 5 0.0044 2 5 2.02E-04 4 6 0.0098
3 6 8.74E-08 3 6 1.61E-05 5 6  3.36E-05
4 6 2.17E-04 4 6 2.15E-04
5 6 2.54E-07 5 6 0.0004
Parameter 6 7 8 10
Cluster p value Cluster p value 1 3 0.0106 1 4 6.14E-05
1 3 4.50C-07 2 4 0.0074 1 4 0.0003 1 5 0.0044
1 4 1.10E-05 2 5 0.0014 1 5 0.0145 2 3 702803
1 5 0.0001 2 6 2.18E-08 2 3 0.0005 2 4 8AE-07
2 3 2.32E-06 3 4 0.0334 2 4 1.38E-05 2 5 1.06E-06
2 4 0.0002 3 5 Q.0423 2 5 3.6BE-05 2 (4] (00366
2 5 0.0008 3 6 1.43E-05 3 6 3.14E-03 4 6 0.0009
3 6 3.84C-07 5 6 0.0073 4 6 B.97C-05 5 6 1.26E-02
4 6 0.0002 5 6 1.40F-05
5 & 1.54E-05
Parameter 11 12 13 14
1 3 0.0033 2 4 0.0063 2 3 4.71E-03 2 4 (0.0073
1 4 5.66E-06 2 5 2.76E-03 2 5 0.0004 2 5 8.41E-05
1 5 0.0004 2 6  2.43C-07 3 [+ 0.0070 2 6 3.08E-05
2 3 0.0094 3 4 0.0079 5 6 1.48E-05 3 4 0.0110
2 4 8.51E-06 3 5 9.10E-03 3 5 0.0008
2 5 8.43E-05 3 6 4.52E-06 3 6 3.16E-04
4 5] 0.0008 5 6 2.70E-02
5 6 0.0178
Parameter 15 16 17 18
2 4 0.0112 3 4 0.0018 1 2 0.0235 1 3 0.0005
2 5 2.55E-06 3 6 4.29E-05 2 4 0.0497 1 4 0.0017
5 6 1.50E-04 5 6 0.0002 2 5 7.87E-07 1 5 2.60E-02
2 6 3.14E-06 2 3 G5.BLE-05
3 5 0.0020 2 4 0.0005
3 6 3.73t-03 2 5 0.0025
3 6 0.0001
4 6 0.0033
5 6 0.0022

Supplementary Tabl&.1 Comparison of the extracted electrophysiological parameters from the differen:

clusters

The nonparametric KruskaVallis test was used to compare groups (after testing rformality using the

KolmogorovSmirnov Goodnessf-Fit test). The p value for each test is shown (corrected for m

comparison). Only tests with p values <0.05 are diggd.
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Supplementary Figur&.5 Histogram distributions for extracted morphological parameters and pial dept

The distributions of the 21 extracted morphological features are displayed in individual histograms gr

into 8 bins for the 189 L2/3 PCs. The individual parameter numbers are indicated above the histograms

tree parameters in red, basal tree f@aneters in black). The last histogram depicts the pial depth distribu

of the cells.
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Supplementary Figur&.6 189 reconstructed L2/3 principal cells from mouse V1

Cells are arranged in descending order according to somatic depth with respect to pial surface. Apical ¢
are indicated in red, basal dendrites in black and soma in blue. Numbers on top indicate the experimen
the cell. The colored boxes indicate which further parameters were obtained from the cell: electrophysic

properties (orange), laminar inpsit(turquoise) andn vivofunctional response properties (purplecale bars
100 pm.
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Supplementary Figur&.7 Correlations between all measured morphological parameters in the 189 L2/.

principal cells

The color of each entry in the matrix corresponds to the Pearson ceeffivalues (r) according to the colc

bar displayed at the right. Multiple correlation cention was applied and coefficients with p values >0.05

set to O (white).
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Supplementary Figur®.8 Comparison of morphological properties across the 7 morphology clusters

Thegroup averages are plotted for each of the 21 morphological parameters. The individual parameter n
are indicated above the bar plots (apical tree parameters in red, basal tree parameters in black). Si
differences are denoted witltolored asterisks (p<0.05KruskalWallis test, corrected for mukiomparison)
Cola indicates which two clusters were compared, starting from left to right. The last bar plot displa
comparison of the clusteaveragedor their location within L2/3 (p<0.Q%uskalWallis test, corrected for muk

comparison)For p values seBupplementary Tablg.3.







































