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1 Introduction

1 Introduction

If the human brain were so simple that we could understand it, we would be so simple that we
couldn't.

Emerson W. Pugh, The Biological Origin of Human Values

The brain’s complexity is still challenging, fascinating and inspiring for thousands of scientists
worldwide. The history of neuroscience is characterized by the investigation of famous patients such
as Phineas Gorge, Kent Crochane and Henry Molaison. What do most these patients have in common?
For various reasons the structural integrity of their brains suffered greater damage. And all of them
presented striking deficits. At the expense of their fate, neuroscience research gained immense insight
on functions attributed to specific brain regions. This knowledge surely played a major role in starting
to understand complex brain functions in general. However, the more the understanding of the brain
evolves the more complex it appears. And unfortunately, until now all the gained knowledge only very
marginally helped those patients which suffered structural brain damage such as traumatic brain injury
or stroke. What is hindering modern neuroscience to help the very people whose fate advanced our
knowledge so much? And are there possibilities to change this? We will see some obstacles imposed
in modern stroke research and one way to improve it to hopefully give back the knowledge to these

patients.

1.1 Stroke

Stroke is an acute cerebrovascular disease and defined by the World Health Organisation (WHO) as

following:

“A stroke is caused by the interruption of the blood supply to the brain, usually because a blood vessel
bursts or is blocked by a clot. This cuts off the supply of oxygen and nutrients, causing damage to the
brain tissue. The most common symptom of a stroke is sudden weakness or numbness of the face, arm
or leg, most often on one side of the body. Other symptoms include: confusion, difficulty speaking or
understanding speech; difficulty seeing with one or both eyes; difficulty walking, dizziness, loss of
balance or coordination; severe headache with no known cause; fainting or unconsciousness. The
effects of a stroke depend on which part of the brain is injured and how severely it is affected. A very

9]

severe stroke can cause sudden death.
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1 Introduction

1.1.1 Epidemiology

According to the World Health Organisation’s (WHO) report from 2016, stroke is the second most
common cause of death worldwide®>. About 5.5 million deaths were accounted to cerebrovascular
disease and about half of them to ischemic stroke®. In 2016, prevalence of total cerebrovascular
disecase was estimated to be 79.6 million worldwide, whereof 67.6 million patients suffered from
ischemic stroke®*. Globally, the prevalence of stroke is predicted to further increase due to aging of
the population®>”’. The consequences of stroke can range from minor deficits such as subtle motoric
weakness over loss of independency in daily activities to serious long-term disability with extensive
nursing care needs. In the United States stroke is among the 10 most common causes of long-term
disability®. Here again, the number of disability-adjusted life-years (DALY) —a measure to quantify
burden of disease— significantly increased from 1990 to 2013 worldwide’. In fact in 2013, stroke was
the second most prominent contributor to DALY with 113 million years lost’. Stroke has additionally
a large impact on economy. The costs of stroke in Europe were estimated to be €45 billion a year. This
economic burden can be divided in direct health care costs (€20 billion) spent on in-hospital care and
drugs, and additional non-health care costs which arise through productivity loss (€9 billion) and the
informal care of people with stroke (€16 billion)!°. Consequently, more than half of the costs can be
accounted by the long-term consequences of stroke. Hence, chronic disability after stroke has the

highest impact on both the individual quality of life and the social-economic system.

Top 10 causes of death
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Figure 1: Top 10 causes of death worldwide. With 10.5% stroke is the second leading cause of death worldwide in 2016.
Epidemiological data origins from Global Health Estimates 2016: Deaths by Cause, Age, Sex, by Country and by Region,
2000-2016. Geneva, World Health Organization; 2018,
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1 Introduction

1.1.2 Pathophysiology

Stroke is a vascular disease. The pathophysiology of stroke can be divided in two major sub-types:
cerebral ischemia and cerebral haemorrhage'?. Cerebral haemorrhage, often referred to as primary
haemorrhagic stroke, is characterized by the rupture a blood-vessel and subsequent extravasation of
blood. The localisation of the ruptured vessel can differ and divide further subtypes. With about 10%
haemorrhagic stroke is less common than ischemic stroke (circa 87%)*. Ischemic stroke can be caused
by various conditions and results in an occlusion of a cerebral artery either by embolism or
thrombosis. Among all underlying conditions, the three leading causes are cardioembolism,
macroangiopathy e.g. atherosclerosis of the arteria carotis interna and microangiopathy promoted by
diabetes mellitus and high blood pressure'. Those three conditions are responsible for around 70% of
all ischemic strokes'*!3, Pathophysiologically, ischemic stroke is characterized by oxygen and glucose
restriction due to impaired blood flow resulting in brain tissue necrosis in the area of the supplying
artery. The brain tissue receiving supply by the occluded vessel undergoes several phases before final
permanent necrosis. In general, brain tissue permanently relies on oxygen and glucose supply by
cerebral arteries. If this supply comes below a certain threshold functional metabolism cannot be
maintained and neurological symptoms appear. If the supply continues to fall, structure metabolism
stops and tissue undergoes permanent necrosis which constitutes the core of the infarct'®!”. This area
is often surrounded by tissue at risk which is already affected but its structure metabolism is still
maintained'’. Existing therapeutic strategies of ischemic stroke aim to rescue the tissue at risk to

reduce necrotic brain area and with this the extension of neurologic deficits.

1.1.3 Therapeutic strategies of ischemic stroke

Despite the huge socio-economic burden of stroke there is only few therapeutic options for ischemic
stroke. In the very acute phase, the aim of therapy is the removal of the thrombus occluding the vessel.
Today, there is only two clinically approved therapies for acute ischemic stroke: Thrombolysis with
tissue plasminogen activator (tPA) and thrombectomy via mechanical vascular recanalization'®!"”. To
guarantee safety of both therapies stringent requirements must be fulfilled. Both strategies have to be
applied within a narrow time window shortly after stroke onset to maximize their benefit: within 4.5
hours for thrombolysis and 6 hours (up to 24 hours) for thrombectomy'®. Besides this temporal
limitation, various additional conditions such as presumed very-large infarction, intracranial
haemorrhage, coagulation abnormalities and several others contradict these approaches'®?°. Though
being very effective, only about 10% of patients who suffer from acute ischemic stroke and are
admitted to hospital receive intravenous thrombolysis*!. Following the acute phase, secondary
prevention aims to reduce the risk of secondary events by diminishing cardiovascular risk factors.
Besides lifestyle changes both pharmacological and operative strategies are available, depending on
the primary cause leading to stroke. Carotid endarterectomy can be considered if stenosis of the
carotid artery is the underlying cause and anticoagulants if a cardioembolic cause is assumed'®?°.

Antiplatelet drugs and statins are provided to reduce cardiovascular risk'®*. Today, the only known
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1 Introduction

regenerative treatment is rehabilitation which stroke survivors receive early after stroke to improve
their quality of life and to rise the number of self-sufficient persons'®. Overall, therapeutic options for
patients suffering from stroke remain poor. Hence, new effective strategies are urgently sought for
given the increasing number of patients in the ageing population in future. Although more than
thousand neuroprotective drugs have been established in preclinical experiments, none of them proved
efficacy in clinical trials?»*, What is the reason the biological effect becomes lost in translation? It is
discussed that especially animal models, the way drugs are applied, blinding throughout the
experiment and publication bias contribute to this concerning circumstance**2°. In general, all the
named arguments impede the comparability of preclinical and clinical trials. But there are additional
parameters which lately gain more and more attention?’. One of them is the lack in comparable
assessments to monitor the outcome in preclinical studies. Especially, to investigate long-term
recovery, translational methods to assess functional outcome are indispensable?’. In preclinical trials,
functional outcome is most frequently assessed via behaviour tests. Those however are very vulnerable
to subjective bias, are time consuming and inconsistent protocols impair comparability between

laboratories?*?°

. Hence, with only behaviour testing there is a lack of translational readouts in
preclinical studies which urgently needs to be filled. In search for bridging this gap one can orientate
on clinical research. There, one of the most promising methods for successful translation to preclinical
research is functional imaging. Functional imaging allows to monitor brain activity and with this one
functional readout. With functional imaging in preclinical research objective functional endpoints can
be acquired, a deeper understanding of possible pathomechanisms achieved and findings compared
and translated to clinical research?’. Additionally, functional imaging offers the possibility of future
potential prognostic values®*. As a widely used method in human research, functional imaging is one

option to bridge the translational gap and might be crucial to promote new therapies from

experimental research to effective human stroke treatment.

1.2 Functional imaging

Functional imaging in general is an imaging technique to detect and assess physiological processes
such as alterations in blood flow, absorption, metabolism and others. In contrast to structural imaging,
its main aim is to characterize and investigate the physiology of a defined organ within the body. In
order to do so, special imaging techniques combined with a specific indicator are used to map activity
both spatially and temporally. The indicators are chosen in such a way as to play a key role within the
investigated process. In neuroscience, the most widely used method to acquire functional imaging data
is functional magnetic resonance imaging (fMRI)*!2. fMRI is commonly used to study brain activity
in both health and disease to better understand physiological and pathophysiological changes in
humans. However, new therapeutic targets are mostly developed in small animal models, most
commonly mice. To bridge translational gaps, functional imaging of brain activity should be made

available for small rodents as it can provide crucial insight into the impact of novel therapeutic
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1 Introduction

strategies on pathophysiological mechanisms in brain diseases. Due to several reasons, acquisition of
fMRI in mice is often not a feasible option. Briefly, in fMRI, cerebral blood flow and more
specifically its oxygenation status are measured. This is possible since oxygenated blood is less
magnetic (diamagnetic) whereas deoxygenated blood is more magnetic (paramagnetic) and
consequently oxygenated blood disturbs the magnetic field less than deoxygenated®'. This blood-
oxygen-level-dependent (BOLD) effect can be detected by the MRI non-invasively and is believed to
reflect neural activity****, The premise to draw conclusions from blood flow about brain activity is
known as neurovascular coupling: A phenomenon characterized by a high correlation between blood-
flow and neural activity in the healthy brain**. Hence, fMRI measures brain activity indirectly with the
BOLD effect as its surrogate parameter. Even though fMRI is a very well-established method in
humans, obtaining fMRI in mice is very challenging. Since acquiring the MRI sequences take long
time, fMRI recording usually goes in hand with the need for deep and long anaesthesia for the
animals. Additionally, resolution of the images in relation to the mouse body is very low and this
modality is very time- and cost-intensive. All these challenges reveal the need for an alternative
method which allows the analysis of functional imaging in mice. Among different options we decided
to refine the protocol for the analysis of functional imaging in mice expressing a calcium sensor in

excitatory neurons: in vivo widefield calcium imaging of both cerebral hemispheres.

1.2.1 In vivo widefield calcium imaging

In vivo widefield calcium imaging is a relatively new method to assess brain activity in mice. The
underlying principle is the fluctuation of intracellular calcium concentration during the action
potential. Those calcium transients can be used and made visible with calcium sensitive dies. Sabatini
et al. demonstrated a strong correlation between experimentally induced action potentials and intensity

changes of one of those calcium sensitive fluorophores® (Figure 2).

a. b.

100% AF/F
|20 mV
15ms

|

Figure 2: Action potential-evoked calcium fluctuations in dendrites and spines. a. Image of a CAI pyramidal neuron

loaded with a green calcium sensor (Fluo-4). b. Changes in green fluorescence intensity a single action potential (left) or by
trains at 62.5 (middle) or 83.3 (vight) Hz (average of 15, 4, and 4 trials, respectively) measured with a custom-built two-
photon laser scanning microscope. Intracellular Calcium-driven changes in fluorescence correlate with neural activity.

Modified from Sabatini et al. with permission’>.
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1 Introduction

For in vivo widefield calcium imaging, we used a transgenic animal expressing a genetically encoded
calcium indicator (GECI) in neurons. In these animals, neural activity can be assessed directly via
changes in the fluorophore’s intensity. In particular, we used Thyl-GCamP6s heterozygous mice,
which express a green fluorescent protein (GFP) bound to calmodulin protein (CaM) termed GCaMP.
In Thyl-GCaMP mice the GECI is expressed under the neuronal Thyl promotor and hence
predominantly present in layer 5 but also layer 2 and 3 pyramidal cells*®. CaM is a calcium binding
protein which senses alterations in calcium levels during neural activity. In presence of calcium, the
GCaMP protein changes conformation and as a consequence alters the spectral properties of the
chromophore®”-*8, The alterations in fluorescence can be optically recorded. It is well investigated, that

changes in intensity of emitted GFP signal mirror neural activity in these transgenic animals>*#.

The most common application for these transgenic animals is two-photon imaging. This imaging
method allows to assess single cell activity and the characterization of microscale networks. A novel
approach however is to assess entire cortical information: in vivo widefield calcium imaging. Here,
cortical neural activity of the entire forebrain can be monitored in real time by acquiring intensity
changes of GCaMP fluorescence via a highly sensitive camera. We evolved this method with a
stringent experimental protocol and appropriate analysis strategies to create a truly translational tool.
To maximize comparability to human functional imaging, we established protocols for the most

common imaging paradigms.

1.2.2 Imaging paradigms

Classically, two different experimental settings are defined: task dependent and resting state imaging
paradigm. In task dependent imaging, brain activity is assessed while a task is performed. This can be
a cognitive or motoric task sensu stricto or some sort of sensory or acoustic stimulation. Areas of the
brain processing this information will be specifically activated and can be interpreted as a small
network. In this work we performed sensory stimulation of all four paws of the animal. To underline
this passive stimulation, we termed our experimental set-up as stimulus dependent imaging. In contrast
to task dependent imaging, resting state imaging demands no specific task. Image acquisition is
performed while external input is diminished, e.g. no task is presented, and intrinsic brain activity is
recorded. In resting state brain imaging, one major readout is functional connectivity which is
characterized as synchronicity of brain activity in spatially distinct areas and obtained by Pearson’s
correlation 7 of the signal time series**. Functional connectivity is defined higher with higher
correlation of the signal time series and hence goes in line with the Hebbian theory “What fires
together, wires together”. Even though the protocols of both task dependent and resting state paradigm
are quite contrary their results can be viewed as complementary: There is consensus, that networks
revealed during task dependent imaging resemble those which show intrinsic functional connectivity
assessed during resting state imaging in humans***}, Hence, we established both paradigms in order to

fully characterize functional cortical networks in the healthy mouse first. Consequently, we
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1 Introduction

investigated the alterations in functional connectivity due to brain disease in an experimental stroke

model.

1.3 Aims of this study

The aim of this work was to establish an imaging method which allows for comparison of preclinical
and clinical research results and with this to bridge the gap in between them. To achieve this aim, we
needed to ensure three qualities: the method needed to be reproducible, functional and translational.
These qualities were approached by three different experimental studies. In the anaesthesia study we
investigated the impact of anaesthesia on brain activity and functional connectivity. Consequently, we
established a stringent experimental and analytical protocol to diminish its influence on the data and
raise reproducibility. Then, to guarantee functionality we performed the network study. Here, we
identified independent cortical areas via independent vector analysis (IVA) and assigned them
physiological function via stimulation. Lastly, in the stroke study we implemented our novel tool to
investigate brain disease. We characterized the impact of cortical stroke in the motor area on
functional brain activity in both acute and chronic phase. This third study was meant to demonstrate

our tool being translational.
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2.1 Materials

2.1.1 Equipment
PRODUCT NAME

2 Materials and Methods

COMPANY

Equipment for in vivo methods
PeriCam PSI System

Stereotakctic frame (product no.: 51501)
Vaporizers ASA Isoflurane
DigiFlow 3 I/min

Navigator Scale

Induction chamber

Tubes

Laser Cobolt HS-03

Cobolt Jive 50 561 nm

Fiber Collimation Package F240APC-A
Laser eyewear Laser 2000
Multimark 1523 permanent

Timer Product Number TR118
Disposable Scalpel

Scissors Prod Number: 14090-11
Forceps Prod Number: 91197-00
Heating chambers MediHeat

DC Temperature Controller

HC V380 Camcorder

Wooden Beams (100.0x2.0x0.5 cm)
Plattform

Equipment for the imager

Imager 3001

SOLIS 445B/M

Advanced Solis LED Driver DC2200
515 nm longpass filter

495 nm dichroic longpass filter
NIKKOR 85 mm f1.4

NIKKOR 50 mm f1.2

Adimec 1000-m/D

Perimed, Sweden

Stoelting, Europe

Harvard Apparatus, USA

Driger, Germany

OHAUS, USA

Werkstatt

Werkstatt

Solna, Sweden

Solna, Sweden

Thorlabs, USA

Scitec instruments, United Kingdom
Faber-Castell, Germany

Oregon scientific, USA

Feather Savety Razor, Japan

Fine Science Tools, Dumont, Switzerland
Fine Science Tools, Dumont, Switzerland
Peco Services Ltd, United Kingdom
FHC, USA

Panasonic, Japan

Obi, Germany

Obi, Germany

Optical Imaging Ltd, Israel
Thorlabs, USA

Thorlabs, USA

Optical Imaging Ltd, Israel
Optical Imaging Ltd, Israel
Nikon, Japan

Nikon, Japan

Adimec, Netherlands
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DG2A

DS3

Acupuncture needles

MLA 1204 Needle Electrodes

Adapter (Product number 610248)

PowerLab 16/35, ADInstruments, New Zealand
Equipment for in vitro methods

Research Plus Pipette

Acculab Analytical Balance ALC — 80.4

PH Meter Lab 855

2.1.2 Consumables
PRODUCT NAME

2 Materials and Methods

Digitimer Ltd, UK

Digitimer Ltd, UK

Hwato, China
ADInstruments, New Zealand
Ternimed, Germany

ADInstruments, New Zealand
Eppendorf, Germany

ACCULAB sartorius group, Germany
SI Analytics, Germany

COMPANY

Coverslips (24x60mm #1,5)
Superfrost Plus Microscope Slides
Vasco Nitril Blue Gloves

Quick Base S398

L-Powder clear S399

Universal Catalyst S371

Bepanthen eye cream

PP-Overall

Barrier Surgical hood REF 42072
Medical face Maskv REF 657010
Injekt 5 ml

Microlance Needles 27Gx %4 — Nr. 20
Cotton applicator

Mikrozid AF wipes disinfection
Surflo winged infusion set with protector

Colour Coding Dots

Kimtech Science Precision Wipes

2.1.3 Chemicals
PRODUCT NAME

Menzel-Glaser, Germany

Menzel-Glaser, Thermoscientific, Germany
Braun, Germany

Parkell C&B metabond, USA

Parkell C&B metabond, USA

Parkell C&B metabond, USA

Bayer AG, Germany

Falano, Germany

MolInlycke health care, Australia

MolInlycke health care, Australia

Braun, Germany

BD, Becton, Spain

NOBAMED PaulDanzAG, Germany

Schiilke, Germany

Terumo, Belgium

Avery Dennison Zweckform Office Products
Europe GmbH, Germany

Kimberly-Clark Professional, United Kingdom

COMPANY

Isoflurane Iso-Vet 1000mg/g
0.9% NaCl

Dechra, Germany

Berlin-Chemie AG, Germany
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Ketamin 10%

Xylanin 20mg/ml

Medetomidin (Dorbene vet 1mg/ml)
Atipamezol (Atipam 5mg/ml)
Carprofen (Rimydyl 50ml/ml)

Rose Bengal

Octenisept

Calcium chloride

2.1.4 Software

2 Materials and Methods

Medistar, Germany
WTD, Germany
Zoetis, Germany
Dechra, Germany
Zoetis, Germany
Sigma-Aldrich, USA
Schiilke, Germany
Sigma-Aldrich, USA

SOFTWARE NAME COMPANY

MATLAB R2016b The MathWorks, USA)
longDaq Optical Imaging Ltd, Israel
VDaq Optical Imaging Ltd, Israel
LabChart ADInstruments, New Zealand

PIMSoft Version 1.2.2.0
Imagel, Version 1.49¢
GraphPad Prism Version 6.0

2.2 Methods

Perimed, Sweden
Fiji, USA
GraphPad Software, USA

2.2.1 Three step study design: the anaesthesia, the network and the stroke study

We conducted three sub-studies in order to establish in vivo widefield calcium imaging. In the first
study —the anaesthesia study— we investigated the effect of anaesthesia on functional imaging.
Therefore, we evaluated three different anaesthesia protocols (1.5% ISO, 1.0% ISO, MED+ISO; n=9).
The protocol resulting in the lowest anaesthesia depth possible while achieving consistent imaging

quality across animals and days was used in the remaining two studies.

In a second step —the network study— we aimed to define functional relevant cortical areas. We used
an independent component analysis (ICA) on resting state data (n=41-47) to identify functional
networks within the cortex. We evaluated the functional contribution of the identified cortical network
components by somatosensory stimulation (n=23). We further defined regions of interest (ROI)

centred around the peak pixel of the areas being part of the independent component spatial maps.

In the final stroke study, we investigated the changes in functional connectivity after ischemic stroke.
We implemented both the established anaesthesia protocol and ROI to evaluate the pathological
changes and the recovery process after an acute injury to the motor cortex (sham n=17; stroke n=23).

The stroke study was performed with in total 7 subgroups of mice, from which all were followed up
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until day 28 and only the final two groups until day 56 after stroke. Additionally, the stroke study
aimed to support the concept that in vivo widefield calcium imaging together with an advanced

analysis pipeline a valuable tool in the study of disease models.

2.2.2 In vivo experiments

2.2.2.1 Animals

All experiments were conducted in accordance with national guidelines for the use of experimental
animals and all protocols were approved by the German governmental committees (Regierung von
Oberbayern, Munich, Germany). Mice were held at regulated temperature (22 £ 2 °C), with a 12-h
light—dark cycle period. They had access to food and water ad libitum. Throughout all anesthetized
procedures body temperature was sustained using a feedback-controlled heating system and the eyes
were moisturized using Bepanthen ointment (Bayer, Germany). Until full recovery from anaesthesia,

animals were placed into a heating chamber.

2.2.2.1.1 Mouse strain

C57BL/6J-Tg(Thy1-GCaMP6s)GP4.12Dkim/J*¢ heterozygous mice (Thyl-GCaMP) were bred at the
Institute for Stroke and Dementia Research, Munich. In these animals GCaMP expression is regulated
by the Thy1 promoter and therefore restricted specifically to excitatory neurons, predominantly layer 5

as well as layer 2 and 3 pyramidal cells (Figure 3).

Figure 3: Histological analysis of cortical expression pattern of GCaMP protein in Thyl-GCaMPé6s heterozygous mice.
Green fluorescence reveals predominant expression of GCaMP protein in layer 5 as well as 2 and 3. Epifluorescence

pictures with 5x, 10x and 40x magnification. Scale indicates 200 um, 100um and 20 um respectively.

2.2.2.1.2 Sex and age of the mice

This study included mice of both sex at 12-15 weeks of age. As animals underwent skull preparation
in order to enable in vivo widefield calcium imaging, growth of the skull had to be sufficiently

completed. The age of 12-15weeks was evaluated to be the best due to full-grown size of the skull.

2.2.2.2 In vivo widefield calcium imaging
The protocol of in vivo widefield calcium imaging consists of several sub steps. As an overview,

firstly the skull of the animals was prepared with a chronic ‘window’ couple of days before the first
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acquisition. Animals were allowed full recovery for several days before the first imaging acquisition.
For each acquisition, mice were anesthetized and placed in the stereotactic frame below a customized
imaging set-up. Depending on the experimental design only resting state imaging was performed or in
a subgroup of animals additional stimulus-evoked brain activity was recorded. After anaesthesia,
animals were kept in a heating chamber at 37°C until full recovery. All sub steps such as skull
preparation, imaging set-up, anaesthesia protocol and imaging paradigm themselves will be explained

in the following paragraphs.

2.2.2.2.1 Animal preparation

Skull preparation was performed using a modified version of the previously published protocol of
Silasi et al.**: First, animals were anesthetized using 5% isoflurane for induction and 2% isoflurane for
maintenance vaporized in 30% O, and 70% N>O. After induction, animals were placed into a
stereotactic frame (product no.: 51501, Stoelting, Europe) fixing the animal’s head to generate stable
surgery conditions. After disinfection, the head was carefully scalped, and the underlying connective
tissue was gently removed whilst the skull stayed fully intact. The exposed intact skull was cleaned,
disinfected and led dry. In the meantime, a three-component transparent dental cement (Quick Base
S398, L-Powder clear S399 and Universal Catalyst S371, Parkell C&B metabond, USA) was mixed. A
thin layer was applied upon the intact skull and covered immediately with a tailored coverslip
(24x60mm #1,5, Menzel-Gléser, Germany). The mice stayed anesthetized until the cement was fully
dried and could recover at least 48h before the first image acquisition. Two mice (one in stroke, one in
sham group) removed their cranial windows (after 5 and 42 days respectively) and were consequently

excluded from further recordings.

2.2.2.2.2 Set up

The imaging set-up consisted of the following products (Figure 4):

e a blue light emitting diodes (LED) lamp with 445nm nominal wavelength with 23 nm
bandwidth (SOLIS 445B/M, Thorlabs, USA)

e aconstant current generator (Advanced Solis LED Driver, Thorlabs, USA)

e 2495 nm dichroic longpass filter (Optical Imaging Ltd, Israel)

e a 515 nm longpass filter (Optical Imaging Ltd, Israel)

e two video lenses (NIKKOR, 85 mm f1.4, and NIKKOR 50 mm f1.2; Nikon, Japan)

e a 2/3" Interline CCD camera with 7.4 x7.4 pum pixel size (Adimec 1000-m/D, Adimec,
Netherlands)

e Imager 3001 (Optical Imaging Ltd, Israel)

e acustomized longDaq software (Optical Imaging Ltd, Israel)
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Camera

515nm
./ longpass filter

495nm dichroic
longpass filter

} 445nm LED

Thy1-GCaMPés
heterozygous

Figure 4: Scheme of the customized imaging set-up. A 450nm LED light beam (blue arrow) was redirected by a dichroic
longpass filter into the optical path to illuminate the cortex of the Thyl-GCaMP6s heterozygous mouse to excite the GCaMP
protein expressed in pyramidal cells. The emitted GFP fluorescence (green arrow) passed back through two lenses and a
S515nm longpass filter to a highly sensitive CCD camera. Videos were recorded using a customized longDaq software

(Optical Imaging Ltd, Israel).

A light emitting diode (LED) generated a blue light beam of 445nm wavelength with a constant 650
mA current. This blue light beam was redirected by the 495 nm dichroic longpass filter into the optical
path of the camera. LED light passed through the chronic window on top of the skull into the cortex.
Here, the blue light excited GCaMP6s protein to enhance its fluorescence. The emitted green light
from the cortical GCaMP6s proteins passed back through the first reversed video lens (NIKKOR, 85
mm f1.4), the 495 nm dichroic longpass filter, the second lens (non-reversed, NIKKOR 50 mm f1.2)
and a 515 nm longpass filter. The projected image was recorded by the CCD camera and using a
customized longDaq software. Working distance between the mouse cortex and first video lens was
approximately 4.4 cm (Figure 4). The camera field-of-view covered a quadratic area of approximately
12x12 mm = 144 mm? in the focused plane which allowed to acquire brain activity of the entire
forebrain cortex. Data was spatially binned at 3x3 pixels, resulting in an image matrix of 330x330

pixels (Figure 5).
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-*- = Bregma

Figure 5: Top view of a mouse prepared for imaging and display of one image frame. a. Image of a mouse with its head
fixed in a stereotactic frame ready for imaging. b. Exemplary image frame of in vivo widefield calcium imaging is displayed.

The entire forebrain cortex is included in image acquisition.

2.2.2.2.3 Anaesthesia

As we decided to use anaesthetics in our imaging protocol, we aimed to characterize its effect on
imaging parameters. Therefore, we evaluated three different anaesthesia protocols in our anaesthesia
study: 1.5% ISO, 1.0% ISO and MED+ISO. Whereas the 1.5% ISO and the 1.0% ISO differed only in
the dosage of isoflurane for anaesthesia maintenance (1.5% and 1.0% respectively), in the MED+ISO
protocol we injected the animals 0.05mg/kg body weight of medetomidine intraperitoneally 5 minutes
prior to inducing anaesthesia. Percentage of isoflurane for maintenance in the MED+ISO protocol was
0.75% only. All three anaesthesia protocols were then conducted in the same manner: Induction for 70
seconds with 5% isoflurane, 140 seconds of stabilization with 1.5% isoflurane, and final respective
isoflurane dosage according to the protocol for at least 4 minutes before image acquisition to reach a
stable anaesthesia state. In the final phase, input stimuli to the mice such as touch or noise were
diminished to attain steady state. Isoflurane was vaporized in 30% O; and 70% N.O. We performed
resting state imaging for each mouse (n=9) at least three times per condition in a randomized order

with at least one day of rest in between acquisitions.

To define functional networks (network study) and to assess changes in post-stroke functional

connectivity (stroke study) only the MED+ISO protocol was used.

2.2.2.2.4 Resting state imaging

After anaesthesia induction, the animals head was fixed in a stereotactic frame. The stereotactic frame
was used for two reasons: firstly, the jaw holder cuffs (product number: 51647 Stoelting, Europe)
which were used to fix the head of the mouse at their jaws eliminated head motions. Secondly,
regulating screws on the stereotactic frame allowed to adjust the skull plane horizontally (orthogonally
to the optical path of the camera) for optimal recording conditions. Then, the chronic window was

cleaned with ethanol and the eyes were shielded from light. The focal plane of the camera was set
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about 1 mm below bregma. Mice were not touched at least 4 minutes before data acquisition. During
acquisition the room was dark and quiet to create reproducible conditions for resting state with the
lowest number of external stimuli possible to the mouse. Images were recorded at a frame rate of 25
Hz. To determine acquisition duration, we conducted a preliminary experiment with different
acquisition times (Figure 6). To this end, we defined a recording time of 200 seconds (=5000 frames)
for the anaesthesia study and 240 seconds (=6000 frames) for the remaining studies, as longer

recording duration did not reveal any advantages.
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Figure 6: Exemplary comparison of effect of different acquisition durations on functional connectivity in three individual
mice. Functional connectivity analysis is displayed for each individual mouse for 40s, 80s, 120s, 160s, 240s, 320s and 480s
recording time respectively. After 120 seconds no relevant changes in functional connectivity can be seen for longer

acquisition durations.

By using the PowerLab data acquisition system (PowerLab 16/35, ADInstruments, New Zealand) and
LabChart (LabChart, ADInstruments, New Zealand) we were able to record vital parameters (heart

rate and respiratory rate) simultaneously to in vivo widefield calcium imaging in some animals (n=6).

2.2.2.2.5 Stimulus dependent imaging

Following resting state imaging, stimulus dependent imaging was performed in a group of naive
animals (n=23). In order to conduct stimulation, acupuncture needles (Hwato, Ternimed, Germany)
were inserted subcutaneously between the second and third digit of each paw. Stimulus was triggered
by the Vdaq software (Optical Imaging Ltd, Israel), passed on to a Train/Delay Generator (DG2A,
Digitimer Ltd, UK) and finally lead to a constant current isolated stimulator (DS3, Digitimer Ltd, UK)
which stimulated the paw. The stimulation settings were specified in preliminary experiments
combining two concepts: We wanted to acquire only sensory — not pain — response. But at the same
time, stimulation had to be strong enough to reveal constant response in terms of effectively obtaining
a cortical answer to the stimulus as often as possible. We realized this by reducing mainly the
frequency and number of applied stimuli. Finally, we determined the subsequent protocol: We

stimulated the paws alternating and for at least two imaging blocks. Each block consisted of 10 trials.
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Every trial lasted 8 seconds and consisted of the periods: a two second baseline, a 4 seconds
stimulation and a final 2 seconds resting period. Stimulation was conducted with maximum 1.6 mA
amplitude, 300 ms duration and 1 Hz interval. We recorded stimulation dependent brain activity at

12.5 Hz frame rate.

2.2.2.3 Induction of stroke and assessment of lesion size

2.2.2.3.1 Photothrombosis

Photothrombosis is an established, experimental model to induce focal ischemia to a specific restricted
cortical area. With help of photooxidation of the dye Rose Bengal (Sigma- Aldrich, USA) a thrombus
is formed in illuminated blood vessels. In order to define the motor cortex to specify the target area, a
resting state in vivo calcium imaging acquisition was obtained at least one day prior to stroke
induction. A single-subject independent vector analysis (IVA, method described in 2.2.3.7) was
calculated on the naive data for each single individuum to reveal its motor cortex coordinates.
Obtained coordinates were marked on the chronic window. 10 ul per gram body weight of 1% Rose
Bengal dye in saline was injected in mice intraperitoneally (i.p.) 5 minutes prior to anaesthesia
induction (5% isoflurane in 30%02/70%N20). The head of the anaesthetized animals was
subsequently fixed in a stereotactic frame. The non-targeted area was covered to be shielded from
laser light. We used a laser (Cobolt HS-03, Solna, Sweden) with a fibre optic bundle of 1.5 mm
diameter at the tip, constant 561 nm wavelength and 25 mW output power at the fibre. To induce a
lesion restricted to the area of interest the skull was illuminated for 17 minutes through the coverslip,
the dental cement and the intact skull. Sham procedure was done correspondingly, but without laser

illumination. After the procedure animals were allowed to recover in a heating chamber.

2.2.2.3.2 Laser speckle

Infarct area was quantified via laser speckle contrast imaging with a PeriCam PSI System (PeriCam
PSI System, Perimed, Sweden), 24 hours after photothrombosis. For this procedure animals were
lightly anesthetized to reduce motion artefacts. Blood flow was measured for 30 seconds and
averaged. A color-coded depiction was created from the data measured by the laser speckle.
Subsequently, the area of the cortex with strongly diminished perfusion was manually quantified using

Image] software (Version 1.49¢, Fiji)*.

2.2.2.3.3 Quantification of autofluorescence in calcium imaging data

In addition, infarct area was quantified via autofluorescence in in vivo widefield calcium imaging data.
As the necrotic brain tissue presented highly autofluorescent in our imaging data, we aimed to quantify
this area. Saturated pixels within the masked area — and therefore within the cortical area — were
identified. The identified pixels allowed to depict the infarcted area. For quantification number of

saturated pixels was counted.
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2.2.2.4 Behaviour testing
2.2.2.4.1 Beamwalk test

The beamwalk test was conducted by adjustments to a previously described protocol*®. In this test, the
mouse has to travers a narrow beam to reach a home cage. The animal is video recorded during this
task, and its foot faults can be evaluated. To perform this test, we built a customized set-up: We used a
5x20 mm wooden testing beam and a 10x10mm training beam. The selected beam was laid on two
bars at 50 cm height. On one end a home cage provided a save spot the mice were searching for. Mice
had to travers 80 cm of the beam before reaching the home cage. A camera was placed on one side so
the footsteps could be recorded. Mice underwent at least 3 days of training consisting of adaptation to
the environment, balancing on larger beams (training beam) until they successfully crossed the testing
beam without making breaks. A baseline run on the testing beam was recorded and after stroke data
was acquired for day 3, 7, 14, 21, 28 and 56 after stroke. On each testing day, every mouse had to run
three times with a 30 second break in the home cage in between. All trials were video recorded and
analysed frame by frame. Foot faults of the hindlimbs were counted for each paw separately and
averaged for all three runs per time point. We used 2-way-ANOVA and Dunnett’s correction for

multiple comparisons for statistical testing.

2.2.2.4.2 Neuroscore

The neuroscore was assessed as previously published*’: Neuroscore is a composed score aiming to
assess both global and focal deficits after stroke in mice. In total 0 to 54 points can be scored (26 point
for general and 28 for focal deficits), a higher score representing worse deficits. Evaluation of global
deficits included grooming, status of ears and eyes, posture, spontaneous activity and epileptic
behaviour. Focal deficits were evaluated by assessment of gait, grip, forelimb-asymmetry during tail
suspension, circling behaviour of both entire body or only forelimb, body symmetry and whisker
response. Score was gathered once at baseline level and on day 1, 3, 7, 14, 21 and 28 after stroke. We
used repeated measure 2-way-ANOVA and Sidak’s correction for multiple comparisons for statistical

testing.

2.2.2.5 Animal perfusion, tissue sectioning and GCaMP quantification

Before perfusion mice were intraperitoneally injected with ketamine (120 mg/kg) and xylazine (16
mg/kg). When animals were deeply anesthetized, they were transcardially perfused with PBS
(20ml/animal) followed by 4 % PFA (20ml/animal). Brains were removed and immediately post-fixed
in the same fixative overnight at 4 °C. Brains were cryoprotected by saturation in 30 % sucrose and

stored at -80 °C until further processing.
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2.2.3 Ex vivo experiments

2.2.3.1 Tissue sectioning and GCaMP quantification

Perfused and PFA-fixed brains were covered in optimum cutting temperature compound (O.C.T.,
Tissue-tek) solution and coronal sections of 20um thickness cryo-sliced. Consequently, to enhance
GCaMP fluorescence, sections were incubated in calcium saturated buffer ([0.9mM] calcium diluted
in PBS) for 10 minutes. Slices were immediately analysed on a epifluorescence microscope (Zeiss,
Germany). We used standard GFP filter and magnification of 5x, 10x, and 40x for GCaMP

quantification (Figure 3).

2.2.4 Computational analysis of in vivo mesoscale calcium imaging data

2.2.4.1 Preprocessing

All data was processed in MATLAB (R2016b, The MathWorks, USA). During preprocessing we
intended to diminish signal fluctuations caused by heart and respiratory rate as well as noise such as
signal decay due to GFP bleaching by the light beam during acquisition. Preprocessing consisted of

four steps:

- First, images were resized by the factor 2/3 to a 220x220 pixel matrix, using the MATLAB
function imresize. This final matrix offered a resolution of 18.5 pixel/mm.
- Second, data was intensity normalized by calculating:

Equation 1

where:
F equals to the mean fluorescence intensity of the signal time course as a reference

Fo is the fluorescence values of a given time point

- Third, to reduce noise induced by vital parameters signal time course was filtered. A
bandpass-filter from 0.1 to 1 Hz was created by using the MATLAB functions chebyl and
filtfilt to design a Chebyshev Type I filter of order 2 and to perform zero-phase digital
filtering. Measured heart and respiratory rate were always between the upper cutoff frequency
of our filter (1 Hz) and the Nyquist frequency of 12.5 Hz in a test data set, making their alias
free removal by the bandpass filter (Figure 7). To account among others for the decay due to
signal bleaching, the lower bound of the filter removed low frequency components.

- Forth, the signal time course was cropped 10 seconds from the beginning and the end before

further analysis to eliminate possibly remaining filter artefacts.
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Figure 7: Potential interference of vital parameters in imaging data is eliminated by filtering. a. Exemplary vital
parameters (heart rate (HR), respiratory rate (RR)) simultaneously to data acquisition in one mouse. b. Spectrogram of
unfiltered raw signal of the same acquisition as in a. Exemplary HR and RR are indicated by white crosses ¢. Mean HR and
RR obtained per one resting state imaging in Hz; range of frequencies kept after filtering is indicated by black lines (n=6;

>2recordings each)

Performance of preprocessing is demonstrated in an exemplary raw signal and corresponding

preprocessed signal time course in Figure 8.
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Figure 8: Exemplary signal time course before and after preprocessing. a. The raw signal time course of one single pixel is
depicted. Signal decay due to bleaching effects is prevalent. b. Signal time course after preprocessing. Signal is centred

around its mean after calculation of AF/F.

In preliminary experiments, we demonstrate GCaMP signal is the leading signal in our acquired data,
this justifies that no further preprocessing was performed (e.g. to account for hemodynamic

absorption) (Figure 9).
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Figure 9: GCaMP fluorescence is dominating the acquired signal. a. and c. Preprocessed signal time course of resting
state imaging of a. a wild type littermate (Thy-1 GCaMP6s -/-) and c. a Thyl-GCaMPG6s heterozygous mouse. b. and d.
Standard deviation of each signal time course per pixel was calculated for the wildtype and Thy-1GCaMP6s heterozygous

animal respectively. Calculated values are depicted topographically with a colour code.

2.2.4.2 Data selection via movement analysis in videos of calcium signal

We generated videos of the preprocessed data for quality control of both data acquisition and
preprocessing. Motion artefacts were of particular relevance for the data acquisition quality control.
Therefore, I reviewed every single acquisition. As soon as one single movement was detected the
recording was excluded from further analysis. Hereby, 3 acquisitions out of 30 were excluded for
1.5% ISO recordings (10% excluded), 11 acquisitions out of 41 for 1.0% ISO recordings were
excluded (26,8% excluded) and 9 acquisitions out of 34 for MED+ISO protocol were excluded (26,5%
excluded) for the anaesthesia study. In the stroke study, the final number of acquisitions was 256 (out

of 279, 8.2% excluded).

2.2.4.3 Spatial registration

Data was repositioned with their bregma in the centre and the sagittal suture in the vertical line to
compare recordings from both different mice and different time points. This spatial registration
process was conducted by generating two transformation matrices: preprocessed images of the first
acquisition of every individual mouse were manually rotated and translated in the image plane into a
virtual space (3 degrees of freedom) and the information stored in a first matrix. The virtual space
enabled the interindividual comparability. For the second matrix two steps were necessary. First, for
all other acquisitions of the same individual were aligned to the first (non-repositioned) acquisition.
Thereby, anatomical structures such as vasculature and sutures were visually overlapped. The resulting
matrix was then combined with the first matrix, in order that every recording could be repositioned in
the virtual space in one single interpolation step. This second step guarantees intraindividual

correspondence (Figure 10).
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a. Before spatial coregistration After spatial coregistration b.
Mask/ROI
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Figure 10: Scheme of the spatial registration and masking process. a. Depiction of merged raw images of several recording
of one individual mouse before and after spatial registration. The scheme left to the pictures show the registration process by
rotating and translating. Red crosses display the reference marks in the virtual space frontal suture, bregma and sagittal
suture (from top to bottom). After spatial registration the overlapped images appear less blurry as for example vessels can be
better distinguished than before registration. Red line indicates the masked area. b. Schematic comparison of the size of mask

and mouse brain

2.2.4.4 Masking of the images

We generated a mask for each individual acquisition to feed only those areas of the complete image
into the analysis which are anatomically relevant and of good acquisition quality. This mask was
created by combining a “general” and “individual mask”. The “general mask™ was obtained by
manually comparing the registered images from different animals and choosing an analysis area which
symmetrically covered both brain hemispheres. The purpose of this mask was to include only cortical
areas within the focal plane and exclude more lateral parts which were due to the curvature of the skull
out of focus (Figure 10b, red line). The “individual mask” was generated computationally and masked
all saturated pixels. Those saturated pixels originated from autofluorescence e.g. in areas impaired by
stroke. Its function was to eliminate pixels without signal fluctuation and therefore potential
artefactual impact on the analysis. The combination of the two masks was used for all further analysis

and allowed the identification of all included signal time courses.

2.2.4.5 Power spectrum calculation and frequency-based parameters

Power spectral densities (or simply power spectra) were computed by the MATLAB function
periodogram. Spectrograms were computed by calculating the power spectral density within a moving
window of 250 frames (=10sec), moving frame-by-frame over the entire signal time series. An
exemplary spectrogram and heart and respiratory rate for the same acquisition are depicted in Figure
7. There, power spectra were computed for 6 arbitrarily preselected pixels and subsequently averaged.
In the anaesthesia study, the power spectrum was computed after preprocessing of three arbitrarily
selected pixels in the right hemisphere and averaged. Spectral edge frequencies (SEF) and median
frequency (MF) were calculated as the frequencies where the cumulative power reached respectively
5% (SEF 5), 50% (MF) and 95% (SEF 95) of the total power. A paired t test with subsequent

Bonferroni correction was used for statistical testing of group differences in the anaesthesia study.
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2.2.4.6 Data selection via ApEn

We assessed depth of anaesthesia to ensure reproducible and stable experimental conditions. With help
of this assessment comparability of the recordings of brain activity throughout experiments should be
generated. We used approximate entropy (ApEn) to estimate the degree of randomness and system

complexity*®. We used the algorithm described in detail by Pincus et al.*®

. ApEn was computed for
preprocessed data for three arbitrarily chosen pixels within the right hemisphere. We used the
MATLAB file exchange function to compute fast approximate entropy, as described by Kijoon Lee®.
We used the commonly used embedding dimension m=2°, ApEn was then computed for a range of
tolerance levels (tolerance=r*std, with the coefficient r being varied between 0.01 to 0.3 by steps of
0.01, and std being the standard deviation of the signal time series). Then ApEn levels were averaged
across the three pixels for each tolerance level separately and the maximum was evaluated. This
maximum approximate entropy (ApEnma.) was chosen to reflect the appropriate value best as

discussed by Chon et al . Paired t test and following Bonferroni correction served for statistical

testing of group differences in the different anaesthesia protocols.

To identify an appropriate anaesthesia protocol with only moderate impact of anaesthesia on imaging
data, ApEn was determined. Paired t test and following Bonferroni correction served for statistical

testing of group differences in the different anaesthesia protocols.

Evaluations between the different anaesthesia protocols reveal a necessary threshold of ApEnmax equal
to 1.25. All recordings having a lower value, which was associated with deeper anaesthesia, were

excluded from the stroke study (4 out of 279 acquisitions =1.4% of the recordings).

2.2.4.7 Independent vector analysis

In order to determine functionally independent cortical networks an independent vector analysis (IVA)
was performed. Therefore, we implemented the Group ICA of fMRI Toolbox (GIFT v3.0a;
http://mialab.mrn.org/software/gift) in our protocol. The IVA is an extension of independent

component analysis (ICA). It allows analyse grouped data®' -

and is an alternative to the often applied
group independent component analysis (GICA). IVA could be shown to better maintain the variability
of the single subjects®. Hence, IVA allowed us to compute both cross-sectional and individual single
subject analysis. Cross-sectional analysis of a set of naive animals provided regions of interest (ROI)
for further analysis, while the single subject analysis revealed coordinates of the motor cortex before
stroke induction for each individual animal. To identify the latter, we chose the component whose
spatial map was located rostrolateral to the bregma —the motor cortex of the forepaw— and its peak

pixel served as coordinates for stroke induction. The peak pixel is defined as the pixel with the highest

correlation of its signal time course to the signal time course of the component.

The algorithm to perform an IVA needed a preselected number of components to be found. For single
subject analysis 20 components were estimated and the cross-sectional group analysis was performed

with increasing numbers of components (i.e. 16, 18, 20 and 30). IVA was performed on preprocessed
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data for naive animals only. Only signal time courses within the masked brain were feed in to identify

independent components.

2.2.4.8 Definition of functional networks and ROI

We aimed to define functional cortical areas across all animals to use those areas for functional
connectivity analysis. A meta-analysis of several group IVA was performed to accomplish very robust
results. 16 group IVAs were computed with the following conditions: Two different large groups of
naive animals (n=41 and n=47), each animal was recorded on two independent days with at least one
day in between for 4 minutes (=6000 frames). This resulted in 4 different data sets which were
consequently analysed. We then performed four IVAs by requesting 16, 18, 20 and 30 components.
Out of the resulting 16 group IVAs, 10 were chosen in which the spatial maps were topographically
congruent and represented in multiple analyses. Finally, only components were selected which were
revealed in at least 9 out of 10 analyses, less represented components were not considered as robust
and discarded. The spatial maps of the components were merged and the median of their peak pixel
calculated. Circular areas of 49 pixel (= 8 pixel diameter ~0.43 mm) around those median peak pixel
were defined as regions of interest (ROI). We chose ROIs in the sensorimotor system — four on each
hemisphere — to analyse functional connectivity. To this end all signal time courses within the ROI
were extracted, their mean determined, and the mean signal time course was utilized for functional
connectivity calculation. The aim of averaging the signal was to reduce possible noise in single pixel
time courses. However, the masking step described above also served as a criterion to include single
ROIs into analyses. If a ROI was located within or at the edge of a cortical area affected by
autofluorescence, this ROI was excluded from the analysis. More specifically, only if more than 75%
of the pixel within a single ROI were situated within the mask, the ROI entered analysis. Here, only

signal time courses within the mask were averaged to obtain the mean signal time course of the ROI.

2.2.4.9 Functional connectivity

We used functional connectivity to investigate changes in brain network architecture in both the
anaesthesia and the stroke study. In the former we wanted to determine the impact of anaesthesia on
functional networks whereas in the latter the effect of stroke on brain activity and the process of its
recovery was observed. For this purpose, we used four different analysis strategies: ROI pair-wise
functional connectivity, seed-based functional connectivity, quantification of contralateral motor size

and global connectivity. The last two were only used in the stroke study.

Functional connectivity was defined as the Pearson’s correlation between two time series with the

following equation (Equation 2).
Equation 2
= -XN@-X)

e (B - [S,0i- 7y
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where:
n is length of the time series

X, Y; are the individual sample timeseries indexed with i

X = %Z?ﬂX ; = the sample mean; and analogously for ¥

Values of the correlation coefficient CM can vary between —1 and +1. A value of —1 implies perfect
negative correlation (or anticorrelation), whereas a value of +1 implies perfect positive correlation. A
Pearson’s correlation value of 0 indicates no correlation between the signal time courses. Pearson’s
correlation coefficients were calculated in between signal time series of different ROI (as resulting
from the IVA meta-analysis) and between ROI and single pixel time series. Consequently, the
obtained Pearson’s correlation coefficients were Fisher z-transformed (Equation 3), to enable

parametric statistical testing and to gain more detailed assessment of high connectivity levels.

Equation 3

1+CM)

CMz = 0.5 % 10g (m

The resulting Fisher z-transformed correlation values can range from -2.5 and +2.5, with —
analogous—values of -2.5 indicating perfect negative correlation and a value of +2.5 indication
perfect positive correlation. A value of 0 indicates no correlation of the signal time courses. The Fisher
z- transformed Pearson correlation values between two signal time series are called functional

connectivity values in the following.

2.2.4.9.1 ROI pair wise functional connectivity

In this analysis, functional connectivity was computed between ROIs. We selected in total 8 ROIs of
the sensorimotor cortex in both hemispheres: rostral forelimb (RFL) and caudal forelimb motor cortex
(CFL), forelimb (FLs) and hindlimb sensory cortex (HLs). Correlation was computed between each
possible combination of ROIs resulting in 28 functional connectivity values. The results were depicted
as graphs and matrices. In the graph depiction, the functional connectivity between two ROIs was
represented topographically by a color-coded line connecting the centres of corresponding ROlIs, an
exemplary mouse cortex in the background. The same colour code displayed the connectivity values in

the matrix.

2.2.4.9.2 Seed-based functional connectivity

Seed-based functional connectivity was defined as the correlation between a selected ROI in the right
caudal forelimb (rCFL; here considered the seed of analysis) and the signal time courses of all pixels
within the masked cortex, respectively. All connectivity values were depicted as a color-coded

topographical map.
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2.2.3.9.3 Averaging and statistical comparison of functional connectivity values

In the anaesthesia study, three recordings per condition per animal were acquired. First, connectivity
values were averaged across trials within condition, but for each mouse separately. Then, paired t tests
and Bonferroni correction were used to assess differences in the average scores between conditions.

Finally, scores were averaged across mice within each anaesthesia condition for visualization.

In the stroke study, one acquisition per animal per timepoint was obtained. First, the connectivity
value for of a specific ROI-pair or ROI-pixel-pair was excluded from analysis entirely, if the masking
process let the sample size drop below 5 animals per group (i.e. stroke or sham group). Then, two
sample t test and Bonferroni correction were used for statistical comparison between stroke and sham
groups at each time point. Here, connectivity scores were averaged across mice within the single time

points for graphical depiction.

2.2.4.9.4 Quantification of contralateral motor cortex size

The contralesional motor cortex area was quantified after calculation of seed-based functional
connectivity in the rCFL. Assessment of the size of the rCFL was done by summing up pixels with
functional connectivity values > 2.25 in the same hemisphere only. The resulting values were
normalized to baseline by dividing through the baseline value for each animal separately. This resulted
in the fold change of the size of the motor cortex. Two sample t test and Bonferroni’s correction was

used for statistical analysis to reveal difference in sham and stroke group.

2.2.4.9.5 Global connectivity

Global connectivity analysis>>-¢

was used to study more general changes in functional connectivity
after stroke. More specifically, we were interested in alterations in the unaffected, contralateral
hemisphere. Hence, global connectivity was calculated for each pixel within this area. To this end, the
average of all functional connectivity values between one pixel and all other pixels in this hemisphere
was calculated. This procedure was repeated for each pixel within the mask, resulting in one single
connectivity value per pixel in the contralateral hemisphere. To analyse absolute changes in global
connectivity after stroke, baseline levels were subtracted for each time point after stroke or sham
procedure for every mouse separately. For statistical analysis the mean global connectivity of the
contralateral hemisphere was obtained for each individual mouse, resulting in one single value per
animal. Two-sided t tests with Bonferroni correction was utilized to assess group differences between

treatments. For visualization though, the absolute changes in global connectivity were averaged within

group and topographical color-coded map was generated for each time point and group.

In addition, global connectivity alterations were analysed creating a histogram of the distribution of
non-normalized global connectivity scores across pixels. We performed this analysis for Baseline, D1
and D28 after stroke. Therefore, global connectivity scores were averaged across mice per time point

and pixel, for the stroke and the sham group respectively.
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2.2.4.10 Stimulation evoked activity
First, normalization of the recorded signal time series during paw stimulation was conducted by

calculating:

Equation 4

AF  Fy,—F,
F, F,

where:
Fy, equals to the mean fluorescence intensity of activity recorded during the first two

seconds as a baseline reference and Fy is the fluorescence value of a given time point

Subsequently, processed data was averaged across trials within every individual mouse and the
stimulated paw. We measured a stimulation-to-peak response delay of approximately 380ms in
preliminary experiments. We defined frames recorded within a time window of 300-460ms after
stimulus onset as peak of response and frames recorded within a time window 780-940ms after
stimulus onset as trough of response. After extracting the peaks and troughs of response, frames were
averaged within condition and peak to trough amplitude calculated as the difference between these
averages. The intraindividual peak to trough amplitudes for stimulations at different experimental days
were averaged for all four paws per mouse. In order to receive an average response across all mice the
mean per condition was calculated. Subsequently, all pixels with a mean peak to trough amplitude
above the 98th percentile were defined as the somatosensory core region. This region was considered

to represent the stimulated paw area in the somatosensory cortex.

2.2.4.11 Statistical analysis
Statistics for behaviour testing have been calculated in Graph Pad Prism. Statistics for in vivo calcium
imaging experiments have been performed in MATLAB. The statistical test is specified in the

respective methods section.
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3 Results

The overall aim of this study was to establish a translational imaging modality in mice. We chose to
use the GECI-based imaging modality in vivo widefield calcium imaging. We enhanced the procedure
to a translational level by transferring analysis paradigms commonly used in fMRI connectivity
studies in humans to our transgenic approach in Thyl-GCaMP6s heterozygous mice. To achieve this,
we performed a stepwise study design in three sub-studies, first analysing a stringent mouse sedation
protocol, then identifying independent functional cortical areas via IVA and finally establishing

network analyses in an experimental stroke model.

The anaesthesia study aimed to establish a sedation protocol allowing for stable and reproducible
recordings of resting state neuronal activity and to derive physiologically meaningful functional
connectivity scores. This study revealed a tremendous impact of anaesthesia depth on various imaging
parameters which we consequently accounted for. The network study aimed to define functional
cortical networks and to identify nodes in these networks which can be used as ROIs for functional
connectivity analysis in mice. We were able to detect functionally distinct cortical areas in resting state
data and to assign physiological brain function to them. The stroke study aimed to assess functional
connectivity alterations after experimental stroke using the paradigm developed in the anaesthesia and
network studies. We investigated both acute and chronic changes in functional connectivity after
motor cortex lesion. While the acute phase was dominated by entire network disruption, diminished
interhemispheric functional connectivity in functionally associated brain areas prevailed in the chronic

phase.

3.1 Anaesthesia

In order to achieve our first aim to determine the most appropriate anaesthesia protocol for this
imaging modality, we tested three different protocols and their impact on various parameters gathered
during in vivo widefield calcium imaging analysis. We conducted this experiment in 9 animals and
each mouse at least three times per condition with sufficient resting period in between. Resting state

imaging was acquired using one of the following conditions:
1. Deep anaesthesia with 1.5% isoflurane inhalation (= 1.5% ISO)
2. Low anaesthesia at 1.0% isoflurane inhalation (= 1.0% ISO)

3. Light sedation with a combination of 0.05mg/kg bodyweight medetomidine injection and
0.75% isoflurane inhalation (=MED+ISO)

During analysis we investigated both frequency-based parameters and functional connectivity scores.
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3.1.1 Impact on frequency-based parameters

First, we examined the preprocessed GCaMP signal of the three anaesthesia protocols. The effect on
the signal time course of brain activity during the different protocols was directly visually evident
(Figure 11). With decreasing depth of anaesthesia maximum amplitude of the signal time course

appeared to be lower whereas the frequency dominating the signal seemed to be higher.

1.5% ISO
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Figure 11: Anaesthesia influences signal time course of in vivo calcium imaging. The signal time course of all three
different anaesthesia protocols is depicted. For each condition 140 seconds preprocessed raw signal is displayed. All three

examples show the same individual mouse.

To quantify this impression, we computed different frequency-based parameters. We calculated power
spectra for the signal time course and their derived spectral edge frequencies (SEF, 5™ and 95%

percentile) and median frequency (MF, 50" percentile).

e |\lean SEF 5/95 ww=MeanMF o MF
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Figure 12: Power spectra and frequency-based parameters of all three anaesthesia conditions. Power spectra are
normalized to total power, analysis of each recording is displayed individually. Black lines indicate mean SEF 5 and SEF 95

(from left to right), red line indicates mean MF while red dots indicate the MF of each individual mouse.
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The power spectrum depicts the prevalence of each frequency within the filtered range (0.1-1 Hz) in
the signal time course. The derived parameters MF, SEF5, SEF95 reflect the frequency at 50™, 5™ and
95™ percentile of cumulative power. The power spectrum revealed high power in low frequencies (0.1-
0.2 Hz) in the 1.5% ISO group, whereas the other two anaesthesia groups showed much broader power
spectra. This is underlined by a wider range of SEF5 to SEF95 in the 1.0% ISO and MED+ISO groups
(Figure 12).

Correspondingly, analysis of all three anaesthesia protocols revealed significant differences in SEF95

between the three anaesthesia protocols (Figure 13).
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Figure 13: Spectral edge frequency at 95" percentile (SEF 95) of all three anaesthesia groups. Each colour indicates a
different mouse, each mouse was recorded at least three times per condition in a randomized manner. Significance bars

above the plot indicate differences between conditions at a significance level a= 0.05.

3.1.2 Impact on functional connectivity

In future experimental set-ups, we aimed to investigate functional connectivity in both brain disease
and treatment experiments. To obtain meaningful results, we needed to examine the impact of
anaesthesia on this analysis, to control possible confounding factors. We calculated both seed-based

and ROI pair-wise functional connectivity within the sensorimotor cortex (Figure 14).

The effect of anaesthesia on seed-based functional connectivity analysis was already apparent on
visual inspection. The 1.5% ISO group presented with higher functional connectivity scores than the
other two protocols. The more detailed ROI-pairwise underlines this finding. Here, functional
connectivity between each ROI-pair was calculated and displayed as a matrix. Closely all functional
connectivity values of these ROI-ROI connections differed significantly between the deeper
anaesthesia (1.5% ISO) group and both lighter anaesthesia groups (1.0% ISO and MED+ISO). In
comparison, no difference was detected between the two lighter anaesthesia groups, the 1.0% ISO and
the MED+ISO group. This analysis revealed a considerable effect of anaesthesia on functional

connectivity which underlines the need to control the depth of anaesthesia in our experimental set-up.
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Figure 14: Influence of anaesthesia on functional connectivity. a. and b. Functional connectivity values are averaged first
across each individual animal per condition then across animals within condition. a. Topographical depiction of seed-based
functional connectivity analysis. The seed placed in the right hemisphere is indicated by a white cross. b. Matrix of ROI pair-
wise functional connectivity. b. and c. ROIs are placed in rostral forelimb (RFL), caudal forelimb (CFL), hindlimb sensory
(HLs) and forelimb sensory (FLs) while r and [ indicate right or left hemisphere. Seed definition is explained in detail in
2.2.3.8, 3.2.1 and Figure 16. c. Results of t test for statistical testing between groups. Yellow squares indicate significance

with p-corrected<0.05 in corresponding connections.
3.1.3 ApEnmax to distinguish anaesthesia conditions

In a third analysis, we aimed to identify a parameter which is capable to distinguish our three
experimental protocols. This parameter further could serve to monitor depth of anaesthesia in
subsequent experiments. We calculated maximum approximate entropy—a measure of randomness
and system complexity. This parameter differed significantly between all three anaesthesia groups
(Figure 15). The highest entropy values were detected in the sedation protocol (MED+ISO).
Additionally, the deep anaesthesia (1.5% ISO) and sedation (MED+ISO) protocol did not reveal any
intersection values of ApEnmax which makes this parameter sensitive to distinguish between these two
protocols. The MED+ISO protocol offered the widest spread in the frequency spectrum and was
subjectively the most reliable to handle protocol. Due to these considerations, we decided to use this

protocol for the subsequent sub-studies: the “network study” and the “stroke study”. In order to control
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the possible impact of deeper anesthetized animals, we defined a cut off ApEnmax value of <1.25 to

exclude affected recordings.
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Figure 15: ApEnuax levels of all three anaesthesia groups. Each colour indicates a different mouse, each mouse was
recorded at least three times per condition in a randomized manner. Significance bars above the plot indicate differences

between conditions at a significance level a= 0.05.

3.2 Network

For functional connectivity analysis it is necessary to determine preselected ROIs. In order to define
those, we aimed to identify functionally relevant cortical networks in the mouse brain in vivo. We first
identified independent cortical areas via IVA and then validated the result with both an anatomical
atlas and stimulus-evoked brain activity. The resulting functional cortical areas were subsequently

defined as ROls.

3.2.1 Network definition via resting state imaging

Independent vector analysis (IVA) can be applied on resting state imaging data. This analysis can
identify independent cortical networks. To increase stability and reliability of the identified networks,
we performed a meta-analysis of 10 group-IVA which were obtained from different data sets and
parameters (for more details see method section). This meta-analysis yielded 12 components with
similar spatial patterns in at least 9 out of the 10 IVAs (Figure 16a). In order to merge the analyses
and retrieve a single area for each of these 12 components, the corresponding spatial maps were
overlaid and the area where at least four analyses were above a predefined threshold per component
was interpreted as belonging to one cortical network (Figure 16b, orange pixel). Additionally, each of
these 12 components had a peak pixel in each hemisphere. The peak pixel is defined as the pixel with
the highest correlation of its signal time course to the signal time course of the respective component.
We calculated the median peak pixel coordinates across all IVAs within one spatially overlapping
component for each hemisphere. The individual peak pixel of all IVAs were on average only 3.2

pixels (=0.17 mm) distant from the resulted median peak pixel (Figure 17i). The median peak pixel
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defined subsequently the coordinates of the midpoint of the respective ROI as being considered as the

functional centre of cortical areas within brain networks such as the sensorimotor area (Figure 16b).
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Figure 16: Identification of functional networks via IVA. a. Result of a meta-analysis of 10 selected group 1VAs depicted as
a topographical heatmap with 12 retrieved components. Colour code mirrors how many of the group-1VA contained a certain
pixel b. Definition of ROI which were used in further analysis (yellow). Centre of the ROI (crosses) is defined as the median
peak pixel of a matching component retrieved in the meta-analysis. ROIs were anatomically labelled: rostral forelimb area
(RFL), lateral M1 motor cortex (LM1), caudal forelimb area (CFL), forelimb sensory (FLs), hindlimb sensory (HLs), barrel
field (BF), retrosplenium (RSD) and primary visual cortex (V1). ROIs within the sensorimotor cortex which were

subsequently used to investigate functional connectivity changes in the stroke study are highlighted with a black circle.

3.2.2 Network confirmation via Atlas based coordinates of functional cortical areas

In a second step, we aimed to validate morphological correlates of the 12 selected components by
referring them to anatomically defined brain regions. This evaluation was conducted by collating the
coordinates of the median peak pixel of each identified component to the Paxinos Brain Atlas®’ (Table
1 and Figure 17). Each one of the 12 components could be clearly allocated to a functionally defined

anatomical cortical area.

Table 1: Distance from median of peak coordinates of selected components to Bregma

COMPONENT NAME rostral (-) / caudal (+) [mm]  left (-) / right (+) [mm]

left rostral forelimb (IRFL) -2.91 -0.81
right rostral forelimb rRFL -2.86 +0.76
left lateral M1 motor cortex (ILM1) -2.10 -2.54
right lateral M1 motor cortex (rLM1) -2.21 +2.48
left caudal forelimb (ICFL) -1.46 -1.51
right caudal forelimb (rCFL) -1.51 +1.40
left forelimb sensory (IFLs) +0.22 -2.43
right forelimb sensory (rFLs) +0.11 +2.32
left hindlimb sensory (IHLS) +1.08 -1.67
right hindlimb sensory (rHLs) +1.02 +1.62

left barrel fielf (IBF) +1.89 -3.24
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right barrel field (rBF) +1.89 +3.18
left retrosplenium (IRSD) +3.24 -0.43
right retrosplenium (rRSD) +3,24 +0,38
left primary visual cortex (IV1) +3,51 -2,59
right primary visual cortex (rV1) +3,61 +2,64
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Figure 17: Coordinates retrieved by independent vector analysis (IVA) match anatomically defined functional cortical
areas. At the top, panels a-h depict the spatial maps of independent components selected from the reference IVA meta-

analysis. If different but very similar components (i.e. matching when mirrored across the midsagittal line) presented
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homotypic areas in the left and right hemisphere, they were displayed in the same panel, on the left and right side
respectively. This applies to panel d, e, f and h. Peak pixel are indicated by black crosses. Below, coronal slides from the
mouse brain atlas by Franklin and Paxinos®’
the peak pixels of each component. Referring these peak pixel coordinates to the atlas enables to label each component map.
We assigned components with the peak in the respective area corresponding to the rostral forelimb area (RFL, a.), lateral
M1 motor cortex (LM1) (b.), caudal forelimb area (CFL, c.), forelimb sensory (FLs, d.), hindlimb sensory (HLs, e.), barrel
field (BF, f.), retrosplenium (RSD, g.) and primary visual cortex (V1, h.). Homotypic areas in the left and right hemisphere
were mostly presented in distinct component maps with very similar (i.e. symmetric) component maps. Therefore, two
component maps are displayed (two different ones in panel d, e, f, h), with | indicating left hemisphere and r indicating right
hemisphere. The medio-lateral location of the component peaks is demonstrated by arrows in the slides of the atlas. i. Error

of each median peak pixel calculated as the distance between the peaks of the individual component maps and the median

coordinates of these peaks. Subsequently, the median coordinates defined ROI centre coordinates.

3.2.3 Network confirmation via stimulation dependent imaging

In a last step we aimed to test the in vivo functionality of the cortical area defined by the selected
independent components. Here we made use of a stimulus dependent imaging paradigm. We chose a
sensory stimulus to induce a brain response in cortical areas which are involved in sensory processing.
We electrically stimulated all 4 paws (n=23; Figure 18) while recording brain activity. Indeed, we
observed a specific response to the sensory cortices of each paw which were again identified with the
help of the Paxinos atlas®’ (Figure 18b). As expected, there was no response of non-involved cortices

such as the motor cortex to the stimulus.
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Figure 18: Stimulus evoked brain activity is specific to sensory cortex. a. Scheme of the experimental design for the
stimulation dependent imaging. Total protocol of 8 seconds was divided in 2 seconds baseline recording, 4 second
stimulation and 2 seconds resting period. Stimulation consisted of 4 1 Hz stimuli of 1.6 mA amplitude and 300ms duration. b.
Exemplary hind limb stimulation of one animal. Signal time courses of contralateral sensory and motor cortex were
averaged. The evoked response (mean (black line) and range of standard deviation (grey area) is displayed over time.

Stimulus activated specifically sensory cortex.

Right and left stimulation resulted in symmetrical activated brain regions. More specifically, the
activated brain region was restricted to the contralateral sensory cortex whereas other cortical
networks such as the motor system did not respond to the stimulus (Figure 19a). The area with the
maximal activation (AF/F 98th percentile) was determined and considered as the sensory core region.
In order to investigate the biological significance of the previously identified components, an overlay

of somatosensory components and the sensory core region was created (Figure 19b). This analysis

are shown. Slides were selected according to the anterior-posterior position of
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revealed a good spatial overlap of IVA retrieved components and stimulus-evoked brain activity. This

allows attributing real functional relevance to the components identified by IVA.
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Figure 19: Topographical depiction of stimulus-evoked brain activity matches spatial maps of IVA. a. Spatial maps of
mean AF/F of 23 mice of stimulus evoked brain activity for each paw respectively (right and left forelimb (FL) and right and
left hindlimb (HL)) b. Overlay of the areas identified by IVA (grey), the 98th percentile of mean stimulation data (colour

coded), and assigned component (red). The star locates bregma as a spatial reference in both a and b.

These results suggest that the unbiased identification of anatomically distinct cortical areas with

specific neurophysiological function can be accomplished by our IVA analysis pipeline.

3.3 Stroke

Finally, we aimed to investigate pathophysiological processes in brain disease using an experimental
stroke model in mice. We wanted to investigate changes during the acute phase of a stroke in the
motor cortex and assess recovery via functional connectivity analysis using widefield calcium

imaging.

A photothrombotic lesion was induced in the motor cortex after determining its coordinates by ICA
for each mouse (n=23) individually. In the control group sham surgery (n=17) was performed. Groups
did not differ in weight at baseline (p=0.549). Functional imaging as well as behavioural assessment

was conducted at baseline and on days 1, 3, 7, 14, 21, 28 and 56 after surgery.

Stroke induced an autofluorescent area in our imaging data which could potentially induce bias to our
imaging analysis by generating artefacts. To eliminate this possibility, we intended to identify the
infarct and assess size of the lesion using the data obtained from in vivo widefield calcium imaging.
We detected a high correlation (R?=0.704; p<0.0001; n=23) between the area of saturated pixels and
the region of diminished blood-flow identified by laser speckle imaging on 1 day after surgery (Figure
20).
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Figure 20: Autofluorescence in in vivo calcium imaging corresponds to area of cortical ischemia a. Exemplary laser
speckle image of a mouse cortex at DI after stroke. b. One frame from calcium imaging of the same animal on D1. In the left
motor cortex, autofluorescence induced by brain ischemia is clearly visible. ¢. Border of the general brain mask, applied to
all recordings, and area of saturated pixel in black (originating from autofluorescence in panel b), which was subtracted
from the general mask to generate an individual mask for this specific recording. d. Correlation between the areas of
diminished blood flow assessed by laser speckle images and computed extent of saturated pixel in calcium imaging in 23

animals on the first after stroke. R’= 0.704 and p<0.0001

This finding justifies the usage of cortical autofluorescence of necrotic brain tissue to define lesion
size and location and with it their temporal evolution until 56 days after brain ischemia (Figure 21):
After stroke we detected a large amount of autofluorescent pixels in the ischemic hemisphere. Later,
long-term lesion involution could be observed by a decline in the autofluorescent area, resembling the
necrotic brain tissue. We excluded saturated pixels from further analyses with the purpose of reducing

possible imaging artefacts on the analysis.
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Figure 21: Evolution of stroke-induced autofluorescence over time. a. Topographic depiction of autofluorescent pixel in
stroke group for each acquisition time point. b. Quantification of autofluorescent pixel in in vivo calcium imaging in both

groups over time.

3.3.1 Impact of stroke on behaviour

We used two common behaviour tests to assess post-stroke motor deficits: The composite neuroscore
and the beamwalk test (Figure 22; Table 2). Especially in the first 1-7 days after stroke, motor
function was apparently impaired. The deficits were clearly detectable in both assessments the
neuroscore and the beamwalk test. Later, neuroscore still identified significant behavioural limitations.
Yet, while in the acute phase these deficits still improved over time, 2-way ANOVA analysis revealed
a recovery plateau from day 7 to 56 as no significant improvements were present in between these
days within the stroke group (Table 2). No significant deficits were observed in the beamwalk test

later than 14 days post stroke.
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Figure 22: Stroke induced behavioural deficits assessed by neuroscore and beamwalk test. a. Results of composed
neuroscore of 15 sub-assessments to examine both global and focal deficits. A higher score mirroring worse deficits (sham:

n=_8, stroke: n=9). b. Results of beamwalk test counting right foot faults (sham: n=10, stroke: n=11). Statistical values have
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been obtained by repeated measure 2 way-ANOVA, *= p<0.05.; for more details see Table 2.

Table 2: Results of repeated measure 2-way ANOVA of neuroscore data.

3 Results

COMPARISON SHAM p-value STROKE p-value
Baseline vs. D1 ns 0.9976 HoAdE <0.0001
Baseline vs. D3 ns >0.9999 HoAdE <0.0001
Baseline vs. D7 ns >0.9999 HoAdE <0.0001
Baseline vs. D14 ns >0.9999 HoAdE <0.0001
Baseline vs. D21 ns >0.9999 ok 0.0057
Baseline vs. D28 ns >0.9999 * 0.0165
Baseline vs. D56 ns >0.9999 ns 0.0713
D1 vs. D3 ns 0.9976 oAk 0.0003
D1 vs. D7 ns 0.9997 HoAkE <0.0001
D1 vs. D14 ns >0.9999 HoAEE <0.0001
D1 vs. D21 ns >0.9999 HoAkE <0.0001
D1 vs. D28 ns 0.9976 HoAkE <0.0001
D1 vs. D56 ns 0.9997 HoAkE <0.0001
D3 vs. D7 ns >0.9999 ns 0.6131
D3 vs. D14 ns >0.9999 ns 0.1113
D3 vs. D21 ns >0.9999 ok 0.0018
D3 vs. D28 ns >0.9999 oAk 0.0006
D3 vs. D56 ns >0.9999 HoAdE <0.0001
D7 vs. D14 ns >0.9999 ns >0.9999
D7 vs. D21 ns >0.9999 ns 0.7465
D7 vs. D28 ns >0.9999 ns 0.4761
D7 vs. D56 ns >0.9999 ns 0.1689

44



3 Results 45

D14 vs. D21 ns >0.9999 ns 0.9991
D14 vs. D28 ns >0.9999 ns 0.9773
D14 vs. D56 ns >0.9999 ns 0.7465
D21 vs. D28 ns >0.9999 ns >0.9999
D21 vs. D56 ns >0.9999 ns >0.9999
D28 vs. D56 ns >0.9999 ns >0.9999

3.3.2 Impact of stroke on functional connectivity

To assess changes of network integrity in the acute and chronic phase after stroke in the motor cortex
we acquired resting state imaging data. Consequently, functional connectivity was computed
according to the protocol consolidated in the anaesthesia and network sub-studies. By tracing
alterations of connectivity scores both, the acute pathological changes as well as the subsequent

recovery of network function, could be investigated.
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Figure 23: Changes in seed-based functional connectivity in sham and stroke animals after stroke. Topographical
depiction of seed-based functional connectivity with the reference ROI placed contralateral to the stroke in right caudal
forelimb (rCFL). Connectivity scores are averaged for each acquisition day for stroke and sham group respectively (BL:

baseline; D1-D56: days 1-56 after surgery). Black X indicates seed location, * indicates bregma as a reference.

We detected a strong interhemispheric connectivity at baseline (naive animals) between homotypic
areas of both hemispheres (compare to Figure 14 and BL images Figure 23 and Figure 24). In
accordance with previous studies, interhemispheric connectivity was dominantly characterizing the
naive brain network®®. Given the strong connectivity between the motor cortices, we chose a ROI
assigned to the structurally intact motor cortex (right caudal forelimb, rCFL) in the right hemisphere as
the seed in seed-based functional connectivity analysis (Figure 23). Stroke affected mainly the
interhemispheric connections which resulted in massively reduced functional connectivity scores
between the rCFL and the infarcted hemisphere. This reduction continued for the entire follow-up
period until day 56 post stroke. In contrast, the intrahemispheric functional connectivity of the

contralesional hemisphere appeared only moderately altered after stroke.
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In a second step, we aimed to investigate the changes specifically in the motor and sensory system to
characterize the impact of an acute ischemic lesion within it. We addressed this by calculating ROI
pair-wise functional connectivity. Here, we selected 8 (4 in each hemisphere) ROIs, which were
retrieved by former group-IVA, within the sensorimotor cortex: RFL, CFL, FLs and HLs (see Results,
second section, Figure 16b and Figure 17). In line with the findings of the seed-based analysis, ROI
pair-wise analysis revealed strongly diminished functional connectivity from all analysed ROIs to the

infarcted area and consequently a highly disturbed network function (Figure 24).
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Figure 24: Changes in ROI pair-wise functional connectivity after stroke. Each column in panels a. and b.: Group wise
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averaged functional connectivity scores are presented as a. graph and b. matrix for each day respectively (BL: baseline; D1-
D56: days 1-56 after surgery). ROI pair-wise functional connectivity was calculated for 8 ROI, 4 in each hemisphere.
Preselected ROI (identified by IVA) are located in rostral forelimb (RFL), caudal forelimb (CFL), hindlimb sensory (HLs)
and forelimb sensory (FLs) areas, r and [ refer to right or left hemisphere respectively. Functional connectivity scores are
depicted as Fisher z-transformed Pearson's correlation; connections which involve less than 5 data points are not depicted
(empty squares). * indicates bregma. c. Statistical results of comparison between sham and stroke for each acquisition time
point are displayed as a matrix; p values attaint by two-sample t test were corrected via Bonferroni correction for multiple

testing. Yellow squares indicate a significant group difference (p-corrected<0.05).

Of note, not only the infarcted motor cortex but also the structurally unaffected part of the motor
cortex more rostral to the lesion (RFL=rostral forelimb motor cortex) presented with reduced
interhemispheric homotypic functional connectivity for at least 21 days after stroke. In comparison,
the same interhemispheric homotypic functional connectivity of the somatosensory —located at

comparable distance more caudal to the lesion core—was rather unaffected by the stroke (Figure 25a,
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b). This discrepancy suggests a relatively distinct impact of the motoric lesion on the functionally

dependent motor network rather than spatially neighboured areas.
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Figure 25: Functional connectivity of selected ROI pairs demonstrate strong affection of functionally dependent cortical
areas after motor cortex lesion. a. to c. Depiction of functional connectivity scores between a. left and right rostral forelimb
(RFL: motor-motor interhemispheric), b. left and right hindlimb sensory (HLs: sensory-sensory interhemispheric) and c.
right caudal forelimb (rCFL) and right HLs (motor-sensory, contralateral, intrahemispheric). Mean and standard deviation

are displayed per group; significance bars indicate p-corrected<0.05.

3.3.2.1 Impact of stroke on functional connectivity during the acute phase

Focusing on the temporal evolution of alterations in functional connectivity scores we detected
changes specific to the acute phase after stroke. First, we detected transient higher functional
connectivity scores in the acute phase after ischemic lesion in the structurally intact contralateral

hemisphere. This increase normalized to baseline values already three days after stroke (Figure 25c).

a.
D7 D14 D28
044 >
=
5 3 g2
c <
n=14 n=15 n=13 s g
53
9 l
x~ 8 . ’ 0§38
[€) o
= ’ 2
n 0.13 O
n=18 n=17 n=19 n=21
% = Bregma
b. mean global connectivity of  C.
the right hemisphere BL D1 D28
05 700 700

Sham am
—I-Stroke 0 T 600 + 600

‘ g 500 g S 500 3 S 500
. N
1 E 400 q; 400 £ 400
1 1L 2300 S300 3 2300
B =

_____ ‘ - 8200 @ 200 [ 2 200
I 8100 3 100 8 100

1 1 . | | 1 0 0 0

BL D1 D3 D7 D14 D21 D28 0.5 1 15 05 5 0.5 1 .
Global connectivity Global connectlwty Global connectivity

o o
w

o ¢
o

AGlobal connectivity
o o
N
[

o
o

o
N)

Figure 26: Changes in global connectivity of the contralateral hemisphere after stroke. a. Topographical depiction of the
mean alteration in global connectivity after photothrombosis (D1-D28: days 1-28 after surgery) for each pixel in the
contralateral hemisphere separately. Global connectivity was normalized by subtracting each pixel the baseline global
connectivity values from the corresponding pixel at each time point. b. Contralateral global connectivity normalized to
baseline for each mouse. Mean and standard deviation are depicted until 28 days after photothrombosis. Significance bar
indicates group differences with p-corrected < 0.05. c. Global connectivity of the right hemisphere depicted as a histogram

for three time points (Baseline, Day 1 and Day 28). Mean of global connectivity values was computed per pixel, across the
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mice within stroke and sham group. The stroke group presents with significant increase global connectivity scores in the

contralateral hemisphere when compared to sham, on the first day after stroke.

We used global connectivity analysis to investigate this acute consequence of the stroke within the
contralateral hemisphere in an unbiased approach. This analysis allows assessing the more global
effect of the acute brain injury on cortical network integrity. Global connectivity ascertains the overall
functional connectivity of each pixel within a defined cortical region relative to all other pixels®>-°.
Here, we limited the masked area to the contralateral hemisphere to examine the impact of acute injury
only in this remote non-lesioned area of the brain. In line with our other findings a significant transient
increase in global connectivity could be detected on the first day after stroke. In resemblance with the
results of the ROI pair-wise analysis especially areas within the sensorimotor system presented raised

global connectivity values. At later days global connectivity scores declined to sham level (Figure

26).

We identified a second transient effect within the contralateral hemispheres. The area of very high
functional connectivity values within the contralateral motor cortex values appeared larger in the acute
phase after stroke in seed-based analysis (Figure 23, Figure 27a). In order to quantify this observation,
the size of the structurally intact contralateral motor cortex was determined by extracting all pixels
with greater connectivity value than 2.25. The number of identified pixels defined the size of the
motor cortex. After stroke, we observed indeed a transient significant growth of contralateral motor
area in stroke group whilst sham group remained unaffected. The size of the contralateral motor cortex

normalized to levels of sham group on day three after stroke (Figure 27).
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Figure 27: Size of the contralateral motor cortex increases significantly after stroke. a. Magnification of seed-based

functional connectivity analysis of sham and stroke group for baseline (BL) and 1 day after stroke (DI). b. Fold change of

the contralateral motor cortex size approximated as number of pixels with higher functional connectivity scores than 2.25.
Number of pixels is normalized to baseline. Two-sided t test with Bonferroni correction; significance bars indicate p-

corrected < 0.05.
3.3.2.2 Correlation of functional connectivity and behavioural outcome

To link behavioural outcome and functional connectivity we correlated the size of the contralateral
motor cortex and behavioural outcome of the neuroscore test. The increase in contralateral motor size

was associated with strong behaviour deficits detected in the neuroscore test (Figure 28) and
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normalization preceding the recovery plateau from day 7 onwards, where no statistically improvement
of the neuroscore could be detected anymore. Additionally, normalization of the interhemispheric
functional connectivity scores of the RFL areas (Figure 25a) was temporally linked to the recovery

plateau detected by neuroscore assessment (Figure 22a).
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Figure 28: Increase in motor cortex size is associated with stronger behavioural deficits. Correlation between fold change

of contralateral motor cortex size and behavioural deficits detected by neuroscore. R°=0.493; p<0.001

In total, a complex pattern of alterations in connectivity scores characterizes the temporal evolution of
brain networks after stroke: An acute increase in contralateral functional connectivity measures, a
partial reformation of connectivity in some areas of the brain, uninfluenced connectivity within
functionally more independent network components such as the sensory system, and at the same time
preserved chronic reduction in connectivity to the primarily injured cortex area (i.e. ICFL). The
association of functional connectivity values und behavioural assessments reveal high relevance of this

imaging method to evaluate the functional outcome in preclinical stroke research.
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4 Discussion

Preclinical research often lacks methods to assess meaningful translational outcome which might be
the reason why most of the experimentally developed therapeutic treatments become lost in translation
to clinical praxis®***°. We approached this problem by advancing in vivo widefield calcium imaging a
method to measure brain activity and to investigate the impact of brain disease on functional neural
networks in transgenic animals. The results confirm our tool —the conjunction of a rigorous sedation
protocol and an analysis pipeline based on human fMRI analysis— to be a highly sensitive and
reproducible method to investigate complex changes in cortical functional connectivity after stroke.
The application of our approach in post-stroke recovery complements conventional readouts of
experimental stroke such as behaviour testing in a meaningful manner and allows investigating brain

function directly and repetitively in vivo.

4.1 In vivo widefield calcium imaging as a bedside-to-bench approach

Currently, the analysis of brain function plays a major role in clinical neuroscience. With the help of
electroencephalography (EEG) and fMRI, physiology and pathophysiology of the brain has been, is
and will be investigated. These key methods of modern neuroscience not only allow assessing brain
function in vivo but are also implemented in daily clinical routine. Regarding the fact that most of the
therapeutic approaches established in experimental research fail to show evidence in clinical trials??,
novel strategies in experimental design are urgently sought for. A currently still widely neglected
approach is to maximize comparability of the outcome evaluation®*?%, Given the importance of
assessment of brain function in clinical neuroscience, an equivalent translational method is decisive to
gain comparable readouts of therapeutic intervention in experimental research. However, the few
options to investigate brain function in mice are currently unsatisfactory. Existing techniques need
improvement especially regarding simple, daily and repetitive usage. Additionally, the implementation
of advanced analysis strategies to existing methods is necessary for comparability to clinical research.
In a reverse bedside-to-bench approach, we advanced the technique of in vivo calcium imaging**% and
applied classical algorithms used in fMRI and EEG analysis to introduce a modality for
characterization of complex functional networks to translational neuroscience. Though being restricted
to acquire only cortical information, in vivo widefield calcium imaging provides better spatial and
temporal resolution compared to fMRI®'¢2, Moreover, high reproducibility and low stress levels for the
animals due to a short procedure time are advantages of this modality and additionally at a reasonable
price in comparison to fMRI. Our tool provides three major improvements compared to similar
methods of in vivo calcium imaging*%%3-66: Firstly, a stringent anaesthesia protocol resulting in
minimal sedation to assure reproducible imaging conditions. In contrast, Silasi et al.**, Wright et al.®®,
Ma et al.® and others demonstrate awake imaging is definitely possible. Though, awake imaging

would be preferable as the experimental set-up would resemble human stroke studies, we decided to
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use anaesthetics. Nevertheless, we investigated the effect of anaesthesia thoroughly and demonstrated
major differences in functional connectivity on resting state data between 1.0% ISO and 1.5% ISO, a
range of concentration used for example in two similar studies®®. However, in these studies®®®
mainly stimulation-evoked brain activity was recorded for which we did not investigate the effect of
anaesthesia which is likely not to be as profound. We accounted for this effect and established a
rigorous protocol to diminish its effects on imaging data. Secondly, we designed a progressive analysis
pipeline including an independent component analysis (ICA) to identify cortical networks for
subsequent functional connectivity analysis. These advanced analysis strategies are important to allow
translation to clinical studies*’. We demonstrated the ROISs identified by ICA reflect distinct functional
brain regions. In comparison, some studies use coordinates from an anatomical atlas for ROI
definition®, some use coordinates revealed by an iterative parcellation algorithm based on functional
connectivity, where functionally clustered brain regions are grouped by an iterative process®*’. The
third advantage is the solid intraindividual —over time— and interindividual —within the group—
comparability provided by spatial alignment of all recordings. In comparison, comparability of
functional connectivity analysis is based on bregma® or anatomical landmarks such as vessels® or not
reported in detail so comparison to our approach is difficult. The two-step registration we use, is
exceeding the reported methods by an exact intraindividual overlay of the recordings preceding the
registration via anatomical landmarks for interindividual comparison which is comparable to the
mentioned protocols. Together, these substantial enhancements over previously established, similar

44,60,63-66

methods of in vivo widefield calcium imaging are crucial to establish unprecedented

comparability of the analysis of brain activity between men and mice.

4.2 Widefield calcium imaging and other imaging modalities

In vivo widefield calcium imaging is a novel approach in preclinical neuroscience. Yet, it is not the
only option to perform functional imaging of brain activity in rodents. There have been numerous
other imaging modalities established in animal research such as intrinsic optical imaging, fMRI, two-
photon imaging and positron-emission tomography (PET). Just as in vivo widefield calcium imaging,

all those modalities come with advantages and disadvantages over the others.

Intrinsic signal optical imaging is a method which uses the optical characteristics and alterations of the
absorption spectrum of oxygenated blood and tissue®®. This method uses a similar camera system than
in vivo widefield calcium imaging but can be performed in wild-type mice. According to this, intrinsic
optical imaging can be easily performed in any animal model of disease without elaborate
crossbreeding beforehand. However, due to the expression of GCaMP protein in pyramidal neurons
and its strong changes in fluorescence intensity during neural activity, in vivo widefield calcium
imaging comes with a higher signal-to-noise ratio. This strong signal in in vivo widefield calcium
imaging increases imaging quality undoubtedly. Additionally, in in vivo widefield calcium imaging

neural activity can be measured directly and not only the surrogate parameters oxygenation status of
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the blood and blood flow. With high signal-to-noise ratio and specific neural information, which is

acquired, in vivo widefield calcium imaging clearly exceeds intrinsic optical imaging.

Two-photon imaging on the other hand is mostly performed on transgenic animals expressing
genetically encoded calcium indicators (GECIs) as well but on a two-photon imaging system. This
imaging modality presents with high resolution at the expense of only acquiring a very small cortical
area including up to hundreds of neurons®. On the contrary, the holistic approach of in vivo widefield
calcium imaging can assess brain activity of the entire forebrain cortex, while losing single cell
resolution. With widefield calcium imaging a more differentiated analysis of spatially remote
functional domains within the cortex can be performed beyond local microscale networks as in
commonly used two-photon imaging. Additionally, two-photon imaging requires an invasive
craniotomy and subsequent implantation of a cranial window. In in vivo widefield calcium there is no
need for cranial trepanation which cannot be ruled out to affect brain function. In total, the two
methods, in vivo widefield calcium imaging and two-photon imaging can be viewed as more
complementary in nature rather than being alternative options with the former revealing a large-scale

overview of functional brain networks and the latter adding microscale architectural information to it.

fMRI and PET are two very frequently use methods in human neuroscience research, hence with the
greatest potential to be translational. However, these methods are still technically very challenging to
be performed in rodents and especially small mice, let alone the costs and complexity of such a
setup’®’!. Both fMRI and PET are 3-dimensional imaging modalities which allow for an assessment of
the entire brain function. In in vivo widefield calcium imaging only 2-dimensional imaging is currently
possible and hence only cortical neural activity can be monitored. Certainly, the assessment of entire
brain function is a major advantage nevertheless in both modalities spatial and temporal resolution
(e.g. 0.5x0.5x10mm?*/voxel; 1Hz on a 4.7T scanner®) is quite limited and of minimum factor 10 below
in vivo widefield calcium imaging (0.04x0.04mm?/pixel; 25Hz). Additionally, both modalities are very
time-consuming. Therefore, anaesthesia time and depth have to be expanded (25-46 min/per
acquisition at least®%>7%) to conduct both fMRI and PET which we proved to crucially affect neural
function. Here, feasibility of performing high resolution functional imaging on a daily base, with low

stress levels to the animals due to short procedure time favours in vivo widefield calcium imaging.

Overall, in vivo widefield calcium imaging complements existing imaging options. It comes with both
advantages and disadvantages. Unfortunately, in vivo widefield calcium imaging allows the
assessment of cortical brain activity only, so investigation on the brain activity in central brain areas is
not possible. Additionally, as being based on a transgenic mouse strains, extensive crossbreeding
might be necessary for the investigation of some brain diseases. On the other hand, this method partly
exceeds methods such as intrinsic optical imaging regarding signal-to-noise ratio, two-photon imaging

regarding the assessment of wide parts of the cortex and 3-dimensional techniques regarding technical
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feasibility. Therefore in vivo widefield calcium imaging is presenting itself as a promising technique to

routinely investigate functional brain connectivity in mice*+60:63-66,

4.3 Neurovascular coupling in imaging modalities

Physiologically, blood flow regulation and neural activity in the brain are tightly interconnected by a
process termed neurovascular coupling. This complex process involves neurons, glia and vascular
cells’>7. In brain diseases such as stroke and Alzheimer’s disease, this multicellular process can be
disturbed””. As fMRI and intrinsic optical imaging —blood-flow dependent imaging modalities— are
based on neurovascular coupling to draw conclusion of brain activity, impairment of this process
challenges the validity of interpretation on neural activity. In vivo widefield calcium imaging assesses
neural activity directly via intensity changes of the GCaMP signal in pyramidal neurons and is
therefore mostly independent of blood flow. This allows for investigation of functional neuronal
networks in brain diseases which are known to influence neurovascular coupling. In addition, we show
GCaMP signal is dominating the acquired data, so potential effects of hemodynamic absorption should
be minimal. Unfortunately, in our set-up, parallel assessment of hemodynamic changes and calcium
signal is not possible, which partially limits the statement of no interference of hemodynamic changes
in our data. This potential impact of hemodynamic absorption on GCaMP signal has been previously
described and would make simultaneous recording of both preferable in order to correct for potential
interaction®’¢, Additionally, a combined imaging modality which would allow the assessment of
neuronal activity and blood-flow in parallel could reveal tremendous insights in the pathophysiology
of neurovascular coupling and advance our knowledge of various brain diseases which are known to

be tightly connected to this complex process.

4.4 Controlling the effect of anaesthesia on imaging data

One major consideration for the design of our method was to create a widely applicable and relatively
easy way to handle imaging procedure. In human neuroscience research patients are usually imaged in
awake state. Awake imaging in mice is certainly possible**®>, However, it demands a complex fixation
procedure with e.g. head-fixing screw to control the still high risk of motion artefacts in imaging
data**. Additionally, it requires investing a great amount of time to habituate mice to the imaging
conditions. Concerning these factors, we rejected the option of awake imaging in the first place.
Hence, we decided to acquire data from anesthetized animals to achieve the objective of an easy-to-
perform procedure. Given the fact that the usage of anaesthetics might restrict the comparability
between human and animal data, the reduction of its impact was one of our most pressing concerns. In
fact, neuronal activity is affected by anaesthesia. Greater depth of anaesthesia results in frequency
reduction and amplitude magnification of brain activity”’. Readouts of functional imaging can be
disturbed by this effect. Apparently, imaging parameters were highly prone to be affected by the depth

of anaesthesia which we recognized during the process of establishing an appropriate sedation
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protocol. Though some previous studies have demonstrated comparable results of awake and

anesthetized animals during in vivo calcium imaging**’®

, we registered profound interaction of the
depth of anaesthesia on brain function, frequency-based parameters and functional connectivity. To
control this effect, different surrogate parameters of anaesthesia were tested. One of these parameters
is ApEn estimation, a measure of randomness and signal complexity®’. In EEG recordings, ApEn is
known to be influenced by anaesthesia during surgery’®3!. Moreover, this parameter is demonstrated
to perform equally well to monitor depth of anaesthesia in patients compared to the bispectral index —a
parameter ubiquitously used in surgery settings®'*2. We were able to demonstrate ApEnma of the
signal time course being highly susceptible to our different anaesthesia protocols. Hence, we used
ApEnpa to achieve two goals. First, to choose an appropriate anaesthesia protocol which would affect
the physiological randomness of brain activity the least. Therefore, we chose our MED+ISO protocol
which resulted in only light sedation. This anaesthesia regime interfered only minimally with
randomness and at the same time preserved high spectral edge frequency of the data which is another
well-described measure of depth of anaesthesia®> 34, Secondly, we utilized ApEn values as a threshold
marker to control for depth of anaesthesia of every recording in the stroke study to exclude possible
affected data. The importance of this experiment is to demonstrate potential effects of anaesthesia on
imaging readout parameters which might be present in other imaging modalities which use
anesthetized animals as well. This effect is however widely discussed and discrepantly stated in
previous publications. Consistent with our results, some studies demonstrate a major impact of
anaesthetics on functional connectivity®>’>%%¢ Grandjean et al.®* investigated the effected of several
different anaesthetics as well as dose dependent effects in mice fMRI data. They state prevailed
interhemispheric connectivity in lower dose medetomidine treatment, while higher dose diminished
these interhemispheric signal correlations. This reversed effect might be due to a major difference in
signal processing (i.e. global signal removal) which might especially remove the dominant high
amplitude and low frequency signal changes we found in deeper anaesthesia. In line with our findings,
Kalthoff et al.”> demonstrate isoflurane anaesthesia in comparable concentration to our 1.5% ISO
group results in globally elevated functional connectivity with low topical specificity and high
amplitude low frequency dominating the signal. However, lower dose of isoflurane reveals more
similar patterns of functional connectivity seen in awake imaging than a-chloralose or urethane®.
Additionally, receptor density for certain anaesthetics in specific brain regions and hence a more

pronounced effect in those must be taken into account®®

. This effect can be especially observed in 3D
fMRI data and might be the cause of different results using different drugs. Yet, other groups state no
significant effect of anaesthesia on imaging data**’8. The reason for this inconsistency might be due to
several reasons. On the one hand, the imaging methods in the studies differed as well as the
subsequent analysis pipeline (e.g. global signal removal). On the other hand, it is possible that the
distinct imaging modalities come with different sensitivity to the effects which are related to the depth

of anaesthesia. In our study, the impact was profound, and we therefore offer our standardized
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protocol combined with the threshold marker ApEn to monitor the result. These two methods

combined provide high reproducibility and are easy to conduct.

4.5 Localisation of functional ROIs to characterize cortical networks

In resting state analysis of human fMRI data, independent component analysis (ICA) is a frequently

used method to characterize functional networks®”-

. With this method independent components
within a given data set can be identified. In our experiment ICA retrieved independent cortical areas
within the imaged brain, where independent relates to the recorded signal time courses of each pixel.
In our analysis pipeline, we used ICA to identify resting state networks accordingly. More specifically
we used IVA a multivariate extension of ICA. Lee et al. introduced IVA as an alternative for group
analysis which circumvents permutation ambiguity of ICA®'. One advantage of using ICA for network
identification is based on its independence of a priori definition of any model time course, any seed or
any region of interest>. It is well-demonstrated and became common sense, that in human fMRI or
EEG data networks identified by ICA during resting state analysis generally overlap with the active
brain regions in task dependent imaging®. In rodent imaging on the contrary, we are the first to our
knowledge to prove this paradigm being applicable. We validated cortical networks retrieved by ICA
by demonstrating an overlap with the areas of responses evoked by sensory stimuli. Analogous to
human findings, spatially overlapping results of ICA and stimulus-evoked brain activity suggest that
predominantly cortical areas with significant somatosensory and motor function are being identified
by the ICA algorithm. Additionally, we were able to assign each of the components a physiological
brain functionality by comparison with the Paxinos brain atlas®’. Current imaging methods commonly
determine the ROI based on sensory stimulation or even use only coordinates retrieved from

stereotactic brain atlases®®6!1,89-%1

. We preferred the usage of an objective method such as ICA to
identify these regions instead of relying on third party data. ICA provides two major advantages:
Firstly, functional brain areas can be identified and used as ROI. Secondly, determination of ROI and
investigation of imaging derived readouts such as functional connectivity can be conducted in the

identical in vivo experiment.

4.6 Quality management of functional imaging after stroke

In a final step, we chose to implement our functional imaging approach in a disease model of stroke to
study changes in cortical connectome after ischemia of the motor cortex. Necrotic brain tissue of the
stroke caused substantial autofluorescence in the ischemic core region. Size of the infarct-induced
autofluorescent area correlated with the size of the area of diminished blood-flow identified by laser
speckle flowmetry. The possible interference of this autofluorescence on signal quality of adjacent
cortical areas is an important consideration we addressed in our analysis pipeline. All saturated pixels
were identified and excluded from subsequent analysis in order to minimize the potential impact

caused by this technical limitation. Additionally, in order to diminish the possible artefact in single
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pixel time courses we used pooled ROIs. This will help to stabilize network analysis especially around
the border zone of the infarct. On the other hand, the resulting information loss impedes the analysis of
fine peri-lesional networks, which might be better investigated by a different imaging method with
focus on microscale networks such as in vivo two-photon imaging. Hence, complementing our
experiments with two-photon imaging of the peri-lesional cortex would be of great scientific interest.
In total, masking areas with high possibility to create artefacts and pooling data to diminish noise of
single pixel time course will guarantee imaging quality throughout the stroke study at the expense of

losing information of peri-lesional cortical areas.

4.7 Alterations in functional connectivity after motor cortex ischemia

The effects of stroke were both transient and chronic as well as both inter- and intrahemispherically
distributed. Starting with the transient changes, we demonstrate alterations in contralateral functional
connectivity scores in the acute phase post stroke. The intrahemispheric functional connectivity —
defined by the connection between motor and sensory cortex within the hemisphere contralateral to the
stroke— was temporally increased. In addition, this contralateral hemisphere presented with a
transient increase in global functional connectivity acutely after the ischemic infarct. We further
demonstrated a transient increase in size of the contralateral motor cortex. These findings go in line
with a previously published study on functional connectivity after stroke which was conducted in rats
by using fMRI. Here, van Meer et al. revealed a transient increase of intrahemispheric functional
connectivity between primary somatosensory and primary motor cortex in the contralesional
hemisphere®’. Among other causes, the reduction of interhemispheric inhibition is discussed to
contribute to the increase of functional connectivity®>. Additionally, an increase of contralesional
primary motor excitability was prevalent in the first weeks after stroke in human patients®*. Human
stroke research revealed this pathophysiological enhancement of neural activity within the
contralateral motor cortex correlated with restoration of motor function®***%. Ward et al. demonstrate
recovery-related decreases in task-related brain activation especially in motor-related regions such as
premotor and motor cortex in the contralesional hemisphere in a longitudinal fMRI study®®. However,
it is unclear whether this enhancement in contralateral functional connectivity is driving positive or
negative influence on mechanisms of recovery®. In our study, normalization of all three measures —
global connectivity, increased contralateral intrahemispheric functional connectivity and size of the
rCFL— was temporally linked to a recovery plateau, which was determined by no further statistical
improvements of the deficits assessed by the neuroscore. Altogether, the transient effects were
predominantly located in the contralateral hemisphere. The analysis of the interhemispheric functional
connectivity revealed strong connection of homotypic cortical areas in the healthy brain as previously
reported®®. After stroke, these strong connections were significantly disrupted, especially in the acute
and subacute phase. This reduction in interhemispheric connectivity was limited however to the motor

system whereas the somatosensory cortex was not affected in our experimental stroke model. In
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accordance with this, a cortical lesion revealed comparable restricted alterations to functionally closely
linked cortical areas in stimulus-evoked brain activity®’. Interestingly, subcortical stroke is reported to
yield a more extensive effect on remote functional systems such as both sensorimotor and visual
systems®!. There are multiple possible processes which might drive the desynchronization in brain
activity which we measured by interhemispheric functional connectivity after stroke. The acute injury
as well as first regenerative mechanism and even secondary degeneration due to acute neuronal
damage after the lesion could be involved in disturbing synchronic brain activity®®. Brain function is
crucially relying on a finetuned synergy of excitation and inhibition. Acute tissue damage might
therefore disrupt this balanced brain synchronicity. Supporting this theory, a decreased
interhemispheric inhibition from lesioned to contralesional motor cortex together with an enhanced
contralesional brain activity was prevalent in human stroke studies in the first weeks after lesion®.
Chronic changes might disturb synchronic brain function as well. One year after stroke, Kuchcinski et
al. report remote changes in thalamus which might reflect secondary degeneration and correlate with
the patients stroke outcome!®. In line with this we demonstrate the interhemispheric functional
connectivity was only partially restored in the chronic phase. This restoration might be a correlate of
the still ongoing reparation of bilateral brain interaction and therefore a marker of regeneration. This
possibility is underlined by the fact that normalization of the interhemispheric functional connectivity
and restoration of the contralateral motor cortex size is associated with improvement of behavioural

deficits.

4.8 The role of behavioural assessment and its limitations

After stroke, behavioural assessment in rodents has various limitations. Although frequently used in
research, behaviour testing provides often very general and sometimes unspecific readouts of

29,59,101

neurological recovery . This is due to two main reasons. On the one hand, there is an intrinsic

limitation in reducing complex neurological deficits to a general and easy assessment. This is not only
the case in small animals such as mice but already in human assessment of neurological deficits!®%,
Neurological deficits caused by stroke can be very complex. Additionally, neurological physical
examination is very complex and partially very dependent on patients as it relies on their ability to
correctly report their symptoms (in e.g. sensory assessment). This poses already difficulties in
designing general assessments and scores for human patients. In small animals this impact is even
more prominent as the assessment takes place naturally only in an observing manner. This observing

already limits the examination of several neurological readouts such as sensory assessment. Therefore,

the assessment of complex neurological deficits in mice is very constrained.

On the other hand, conduction and interpretation of behavioural tests can be easily influenced and are
crucially dependent on the experimenter”. When conducting behaviour tests in small rodents, there are
numerous confounding variables to be aware of which possibly change the readout such as the time of

day the assessment takes place, randomisation or exclusion of the animals, subtle changes in smell and
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of course habituation to the experimental set-up®. These confounding variables can sure be limited by
setting fixed parameters for the assessment but can never be ruled out entirely. As mentioned above,
behaviour tests are only observing. This observation is conducted by an experimenter and is therefore
subjective. This makes comparison of readouts in between different experimenter and different
laboratories very difficult. Additionally, this subjectivity might cause biased readouts which again can
be diminished by blinding the experimenter'®!% To account for all confounding variables in

behavioural test is very difficult which make them vulnerable to bias.

However, behaviour tests are a widely established and indispensable methods in preclinical research®.
Their usage in animal experiments offer important and translational experimental endpoints and are
the only way to measure physical functional outcome. Accounting for all named difficulties
behavioural tests are a valid translational tool to study neurological diseases including stroke. In our
study, we conducted two different behavioural tests —neuroscore and beamwalk test— to monitor post-
stroke deficits. In the acute phase, these behavioural tests appear to be useful to assess stroke related
deficits. The incongruent results in the recovery phase could be due to multiple assumptions such as
either partial rehabilitation or compensation or only different sensitivity in observing long-term
regeneration. Insensitivity of behavioural testing in the chronic stages was previously reported and the
need for methods to assess functional outcome in the later phase discussed”. The examination of the
chronic phase is the most relevant for clinical studies which urges the need of a more sensitive
alternative to assess regenerative processes in vivo. With widefield calcium imaging we aimed to

provide such a complementary application.

Functional brain imaging offers an unbiased and sensitive option of assessing functional changes and
recovery in brain disease. Furthermore, in vivo widefield calcium imaging provides the possibility of
assessing nearly the entire forebrain cortex and hence allows for the analysis of different functional
cortical systems within one recording. The readouts and their conclusions such as contribution of
different functional cortical systems, their degree of involvement on regenerative processes and even
potential transient compensatory mechanisms can lead subsequent deeper analysis in the determined

functional systems.

4.9 Conclusion

In vivo widefield calcium imaging — advanced by a stringed experimental protocol and a complex
analytical pipeline — is an easy-to-perform method for repetitive assessment of functional networks in
mice. So far, this method allows for assessment of cortical information only. Especially the chosen
algorithms analogous to human fMRI analysis create a heavily required comparability between mice
and humans to advance translational neuroscience in both mechanistic studies and establishment of
novel therapies. In vivo widefield calcium revealed imaging parameters such as functional connectivity
being associated to clinical outcome after stroke. This underlines the relevance of this approach to

improve experimental stroke research and possibly even preclinical neuroscience in general. With its
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wide applicability, in vivo widefield calcium imaging has the potential to be a required tool to drive

investigation and reveal novel insights into a wide range of brain diseases.
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5 Summaries

5.1 Summary

Stroke is one of the leading causes of death and its prevalence is still raising with aging society in
future. Despite its major impact, only two specific therapies are approved in clinical practice, today.
Thus, hundreds of possible therapies were identified in experimental research, none of them has
proven efficiency on human patients. To address this loss in translation from experimental research to
clinical practise, several fronts can be scrutinized. Among several options, the establishment of
translational methods to assess functional clinical outcome in preclinical research is inevitable. To
approach this one option is to develop modalities of functional imaging of the brain activity.
Functional brain imaging not only allows to assess translational parameters for functional regeneration
after stroke but also to investigate pathophysiological mechanisms in the brain. Hence, the analysis of
functional brain activity in experimental stroke research could both identify new therapeutic targets

and validate their effectiveness by creating a translational read-out.

Functional brain imaging is a frequently used method which strongly advanced our knowledge in
neuroscience and as well in human stroke research. Its aim in general is a better understanding of brain
functions, identification of functionally connected brain regions and their dynamic changes under
certain conditions. In stroke research, the dynamic changes of functional network and its association
with regeneration is of major interest. To investigate functional brain activity, functional magnetic
resonance imaging (fMRI) is predominantly used in human research. fMRI faces great technical
challenges and essential limitations for use in small rodents such as laboratory mice which are the
most frequently used animals to study brain disease. This is why there is interest and need for
alternative imaging modalities in experimental research. To benefit of the insights from human
research in experimental research, we adapted and evolved the imaging modality of in vivo widefield
calcium imaging. This imaging modality is based on transgenic animals who permit to investigate
brain activity directly via GCaMP fluorescence. GCaMP is a genetically encoded calcium sensor
which is well-known to mirror calcium fluctuations during action potential and with this neuronal
activity. Via a customized imaging system, it is possible to acquire cortical neuronal activity and
analyse it with comparable methods as used in human brain research. Hence, this method allows the

repetitive investigation of brain activity in vivo in a translational manner.

In three studies we adapted and enhanced existing protocols to establish a reliable transgenic approach
to assess functional brain connectivity. In a first study, we investigated the effect of anaesthesia on
brain function and characterized the relationship of different frequency-based imaging parameters,
functional connectivity and depth of anaesthesia. Subsequently, we established a stringent protocol for
light sedation which is easy to use and results in reproducible imaging parameters. In a second study,

we identified functional brain areas by using independent vector analysis (IVA) on resting state
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imaging data. Therefore, we validated the identified areas with help of an anatomical atlas and
stimulus-evoked brain activity. This validation justifies the usage of our unbiasedly selected cortical
areas as functional seeds. Finally, we implemented the assessment of functional connectivity values
after stroke. In this third study, we investigated repetitively the changes in functional connectivity up
to 56 days after an ischemic lesion in the motor cortex induced by a photothrombotic model. We
demonstrate both acute and chronic effects of ischemia to cortical functional connectivity. In the acute
phase on the first day after stroke we demonstrate transient increase in contralateral functional
connectivity. A second transient effect is the increase in contralateral motor cortex size. Third, chronic
reduction in interhemispheric functional connectivity is present only in functionally but not
anatomically close regions of the brain. And last, changes in both functional connectivity values and
the size of contralateral motor cortex size are associated with the deficits assessed by behavioural
testing. Hence, the identified parameters are of major relevance for the clinical outcome. The results
establish two major facts: preclinical investigation of brain function is possible on a routinely basis
and adds additional insight on pathophysiological mechanisms in brain disease which are associated
with behavioural outcome. Consequently, the application of this translational imaging modality will
not only be of great interest to stroke research but also to several brain diseases where

pathophysiological mechanisms still need to be elucidated.

61



5 Summaries

5.2 Zusammenfassung

Schlaganfall ist eine der hdufigsten Todesursachen weltweit und seine Pravalenz wird mit steigendem
Altersdurchschnitt in der Gesellschaft auch in Zukunft weiter zu nehmen. Trotz der groen Relevanz
sind bis heute nur zwei spezifische Therapien fiir Schlaganfall in der klinischen Praxis zugelassen.
Denn obwohl in experimentellen Untersuchungen bereits Hunderte von mdglichen Therapien
identifiziert wurden, konnte keine ihre Wirksamkeit bei Patienten nachweisen. Um diesem Verlust der
Translation der experimentellen Forschung zur klinischen Anwendbarkeit entgegenzuwirken, kdnnen
mehrere Komponenten hinterfragt werden. Eine davon ist die Etablierung von translationalen
Methoden in der préklinischen Forschung, um funktionelle Ergebnisse mit klinischer Relevanz zu
erheben. Eine Mdglichkeit, dies umzusetzen, ist die Entwicklung von funktioneller Bildgebung der
Hirnaktivitdat. Mit deren Hilfe kdnnen nicht translationale Parameter der funktionellen Regeneration
nach Schlaganfall gemessen, sondern auch pathophysiologische Mechanismen im Gehirn untersucht
werden. Daher konnte die Analyse der Gehirnaktivitit mittels funktioneller Bildgebung in der
experimentellen Schlaganfallforschung sowohl neue therapeutische Ziele identifizieren als auch deren

Wirksamkeit durch ein translationales Untersuchungsergebnis validieren.

Die funktionelle Bildgebung des Gehirns ist eine hdufig angewandte Methode, welche unser Wissen in
der Neurowissenschaft und damit auch in der humanen Schlaganfallforschung nachhaltig erweiterte.
Allgemeines Ziel ist ein besseres Verstindnis der Gehirnfunktion, die Identifizierung funktionell
verbundener Hirnregionen und die Ermittlung dynamischer Verdnderungen unter bestimmten
Bedingungen. In der Schlaganfallforschung sind insbesondere die dynamischen Verénderungen der
funktionellen Netzwerke und deren Zusammenhang mit der Regeneration von grolem Interesse. Zur
Untersuchung der funktionellen Hirnaktivitit wird in der Humanforschung vorwiegend die
funktionelle Magnetresonanztomographie (fMRT) eingesetzt. Jedoch bringt diese Methode grofie
technische Herausforderungen und wesentliche Einschriankungen bei der Untersuchung kleiner
Nagetiere wie Laborméduse mit sich, welche die am hiufigsten zur Untersuchung von
Gehirnerkrankungen verwendete Tierart ist. Aus diesem Grund ist die Entwicklung alternativer
Bildgebungsmodalitéten in der experimentellen Forschung von groBer Relevanz. Um die Erkenntnisse
aus der Forschung am Menschen in der experimentellen Forschung zu nutzen, haben wir die /n-vivo-
Weitfeld-Calcium-Bildgebung modifiziert und weiterentwickelt. Diese Bildgebungsmodalitét basiert
auf transgenen Tieren, die es erlauben, die Hirnaktivitit direkt iiber GCaMP-Fluoreszenz zu
untersuchen. GCaMP ist ein genetisch codierter Kalziumsensor, welcher die Kalziumfluktuationen
wihrend des Aktionspotentials und somit die neuronale Aktivitit widerspiegelt. Mithilfe eines speziell
angefertigten Kamerasystems kann die kortikale neuronale Aktivitidt aufgezeichnet und spéter mit
Methoden, die analog zu denen in der humanen Forschung stehen, ausgewertet werden. Dies

ermdglicht die repetitive, translationale Untersuchung des Gehirns in vivo.
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In drei Studien haben wir bestehende Methoden angepasst und verbessert, um einen zuverldssigen
Ansatz zur Analyse der funktionellen Gehirnaktivitit zu etablieren. In einer ersten Studie untersuchten
wir den Einfluss der Anésthesie auf die Gehirnfunktion und charakterisierten die Beziehung zwischen
verschiedenen frequenzbasierten Bildgebungsparametern, funktioneller ~Konnektivitit und
Narkosetiefe. Infolgedessen erstellten wir ein stringentes Protokoll fiir eine leichte Sedierung, das
einfach anzuwenden ist und reproduzierbare Bildgebungsparameter liefert. In einer zweiten Studie
identifizierten wir funktionelle Hirnregionen mithilfe einer unabhingigen Vektoranalyse (IVA) in
Bildgebungsdaten des Ruhezustands (resting state). Anschlielend validierten wir die identifizierten
kortikalen Areale mithilfe eines anatomischen Atlas und der durch sensorische Elektrostimulationen
evozierten Hirnaktivitit (stimulus-evoked brain activity). Diese Validierung rechtfertigt die
Verwendung der objektiv und ohne Bias identifizierten Areale als funktionale Seeds. Zuletzt fiihrten
wir eine Analyse der funktionalen Konnektivitdt nach Schlaganfall durch. In dieser dritten Studie
untersuchten wir die Verdnderungen der funktionellen Konnektivitit repetitiv bis zu 56 Tage nach
einer ischdmischen Lédsion im motorischen Kortex, welche durch eine Photothrombose induziert
wurde. Wir fanden sowohl akute als auch chronische Auswirkungen von Ischdmie auf die kortikale
funktionelle Konnektivitdt. In der akuten Phase, am ersten Tag nach Schlaganfall, zeigte sich eine
voriibergehende Zunahme der kontralateralen funktionellen Konnektivitdt. Ein zweiter transienter
Effekt war die funktionelle VergroBerung des kontralateralen motorischen Areales. Als drittes stellte
sich eine chronische Reduktion der interhemisphérischen funktionellen Konnektivitit ein, welche nur
in funktionell- aber nicht anatomisch-benachbarten Regionen des Gehirns auftrat. Die beobachteten
Veranderungen in der funktionalen Konnektivitit korrelierten zeitlich mit den Verhaltenstests
festgestellten Defiziten. Aus dieser Korrelation ergibt sich moglicherweise eine grofle Relevanz der
erhobenen Parameter fiir das klinische Behandlungsergebnis. Zusammenfassend unterstreichen die
Ergebnisse zwei wesentliche Tatsachen: Die experimentelle Untersuchung der Gehirnfunktion von
Maiusen ist routineméfBig moglich und liefert zusétzliche Erkenntnisse iiber pathophysiologische
Mechanismen bei Hirnerkrankungen, die mit dem klinischen Zustand zusammenhéngen. Folglich wird
die Anwendung dieser translationalen Bildgebungsmodalitét nicht nur fiir die Schlaganfallforschung
von groBBerem Interesse sein, sondern auch fiir die Erforschung verschiedener Gehirnerkrankungen, bei

denen die pathophysiologischen Mechanismen noch aufgeklart werden miissen.
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