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Abstract

Photoacoustic imaging is an attractive imaging modality for in vivo applications such as neuroimaging, able to
image large fields of view, deep in tissue, at high resolution. However, robust molecular reporters are required
for this modality, to label specific targets of interest and visualise dynamic biochemical events. Various
genetically-encoded or synthetic reporters have been implemented, but suffer from poor optical properties or
lack of labelling specificity. Here, we report the development of novel “chemigenetic” contrast agents and
calcium sensors for photoacoustic imaging, based on synthetic dyes and the self-labelling HaloTag protein.

I designed and synthesised new photoacoustic reporters based on quenched near-infrared rhodamine-like
derivatives, tailored for use with HaloTag to exploit the open-closed equilibrium of the lactone ring. These were
characterised in vitro for high photoacoustic signal and turn-on upon binding to HaloTag. The most promising
ligands were used for the design of calcium indicators, with the HaloTag-based HaloCaMP protein, which show
an absorption-modulated change in calcium-dependent photoacoustic signal. Cell permeability of these ligands
was confirmed by efficient labelling of live cells cytosolically expressing HaloTag. Our resulting
“acoustogenic” calcium sensors show large turn-ons in response to calcium, up to 8-fold, high photoacoustic
signal and photostability, outperforming existing far-red sensors for this modality such as NIR-GECOI1 in
tissue-mimicking phantoms. Ex vivo brain slices with neuronal expression of HaloTag, labelled with our ligands,
could be consistently visualised via photoacoustic tomography. /n vivo labelling experiments in mice, however,
showed mixed results with the occasional specific labelling of HaloTag-expressing neurons suggesting that the
bioavailability of our ligands needs to be improved.

In summary, we developed a novel approach for the design of photoacoustic reporters, with the first
chemigenetic probes for this modality. Our acoustogenic dyes and first-generation photoacoustic calcium
sensors, show superior in vitro performance to existing sensors, and we can label mice brain tissues to produce
a localised, strong PA signal. To reach our long-term goal of whole-brain neuroimaging in mice, we have started
protein engineering to improve the dynamic range, calcium binding affinity, and used established methods to
assess dye bioavailability to optimise this key parameter for future in vivo applications. In general, with this
hybrid design, we hope to stimulate photoacoustic probe and sensor development which can enable this
powerful modality to uncover its true potential in the field of neuroimaging and beyond.

Artistic illustration of our photoacoustic probes for neuroimaging.
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Zusammenfassung

Die photoakustische Bildgebung ist eine attraktive Bildgebungsmodalitit fiir /n-vivo-Anwendungen, wie z.B.
das Neuroimaging, da sie grofle Bereiche tief im Gewebe mit hoher Aufldsung abbilden kann. Um spezifische
Ziele von Interesse zu markieren und dynamische biochemische Ereignisse sichtbar zu machen, werden robuste
molekulare Reporter benotigt. Verschiedene genetisch kodierte oder synthetische Reporter wurden bereits
entwickelt und getestet, zeigen jedoch oft schlechte optische Eigenschaften oder mangelnde Spezifitét bei der
Markierung.

In dieser Thesis berichte ich iiber die Entwicklung neuartiger ,,chemigenetischer Kontrastmittel und
Kalziumsensoren fiir die photoakustische Bildgebung, die auf synthetischen Farbstoffen und dem
selbstmarkierenden HaloTag-Protein basieren. Ich habe neuartige photoakustische Reporter entwickelt und
synthetisiert, die auf gequenchten rhodamindhnlichen Derivaten im nahen Infrarotbereich basieren. Diese
Reporter wurden speziell fiir die Interaktion mit HaloTag optimiert, um die dynamischen Eigenschaften des
offen-geschlossenen Gleichgewichts des Lactonrings gezielt auszunutzen. Die Liganden wurden in vitro
hinsichtlich ihrer hohen photoakustischen Signale und ihrer Aktivierung bei der Bindung an das HaloTag-
Protein charakterisiert. Die vielversprechendsten dieser Liganden wurden zur Entwicklung von
Kalziumindikatoren eingesetzt, indem sie mit dem HaloTag-basierten HaloCaMP-Protein kombiniert wurden.
In diesem Zusammenhang wurde untersucht, ob sie eine absorptionsmodulierte Anderung des
kalziumabhéngigen photoakustischen Signals aufweisen. Zusitzlich konnte die Zellpermeabilitit dieser
Liganden durch die effiziente Markierung lebender Zellen, die HaloTag zytosolisch exprimieren, nachgewiesen
werden. Die von mir entwickelten ,,akustogenen Kalziumsensoren zeigen eine bis zu 8-fache Erhohung des
photoakustischen Signals in Reaktion auf Kalzium und zeichnen sich durch hohe Photostabilitit aus. Sie
iibertreffen bestehende Rotlichtsensoren fiir diese Modalitdt, wie beispielsweise NIR-GECOI1, in
gewebedhnlichen Phantomen. Ex-vivo-Gehirnproben mit neuronaler Expression von HaloTag, die mit meinen
Liganden markiert wurden, konnten konsistent mittels photoakustischer Tomographie visualisiert werden. /n-
vivo-Markierungsexperimente in Méusen ergaben jedoch unzuverldssige Ergebnisse, da nur gelegentlich eine
spezifische Markierung von HaloTag-exprimierenden Neuronen beobachtet wurde. Dies deutet darauf hin, dass
die Bioverfiigbarkeit meiner Liganden verbessert werden muss.

Zusammenfassend présentiere ich einen neuartigen Ansatz zur Entwicklung von photoakustischen Reportern,
der die erste Generation chemigenetischen Sonden fiir diese Modalitét darstellt. Meine akustogenen Farbstoffe
und die ersten Generationen von photoakustischen Kalziumsensoren zeigen in vitro eine liberlegene Leistung
im Vergleich zu bestehenden Sensoren. Zudem sind sie in der Lage, Méusegehirngewebe erfolgreich zu
markieren, um ein lokalisiertes und starkes photoakustisches Signal zu erzeugen. Um mein langfristiges Ziel
der Ganzhirn-Neurobildgebung bei Méusen zu erreichen, habe ich mit dem Protein-Engineering begonnen, um
sowohl den dynamischen Bereich als auch die Kalziumbindungsaffinitit zu verbessern. Dariiber hinaus habe
ich Methoden zur Bewertung der Bioverfiigbarkeit des Farbstoffs entwickelt, um diesen entscheidenden
Parameter fiir zukiinftige In-vivo-Anwendungen zu optimieren. Insgesamt strebe ich an, mit diesem
Hybriddesign die Entwicklung photoakustischer Sonden und Sensoren voranzutreiben, sodass das volle
Potenzial dieser leistungsstarken Modalitit im Bereich des Neuroimaging und dariiber hinaus ausgeschopft
werden kann.
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Chapter I: Photoacoustic imaging — seeing into the depths of the brain



I.1 Neuroimaging

One of the major objectives of neuroscience is to determine how the underlying neural activity is converted into
the multifaceted functions of the brain including behaviour, emotion, cognition, perception and memory. Crucial
to this understanding are brain structure-function relationships, although the complex interconnectivity of this
organ dictates that specific brain regions often have several diverse functions (Figure 1).! The olfactory bulb
sits at the front of the brain, and is the initial processing centre for olfactory information from sensory neurons.’
This region neighbours the largest part of the brain, the cerebral cortex, which is involved in many cognitive
functions including memory, language and movement. In the middle of the brain lies the thalamus which
integrates signals from sensory stimuli and coordinates motor responses with the cortex, whilst at the bottom,
the hypothalamus is the major homeostatic regulator via the neuroendocrine system.’ These two structures also
contribute to the limbic system for processing emotions, primarily in the amygdala, and additionally the
hippocampus is involved, which plays an important role in long-term memory.* At the back of the brain, the
cerebellum is principally responsible for movement and motor coordination.” Below this the brain stem,
containing the pons and medulla, joins to the nerves in the spinal cord, and controls essential functions such as
autonomous breathing and cardiac rhythm.® The function of each brain region is determined by their
connectivity patterns which are dependent on the activity of constituent neural circuits or ensembles.” These
are, in turn, organised groups of neurons responsible for processing particular types of information and initiating
the appropriate response. Therefore, improving our understanding of brain function is a technological challenge
across scales, which requires novel correlative imaging modalities, and in parallel, the development of
molecular tools to enable visualisation of the neural activity.
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Figure 1: Simplified diagram of the mouse brain with important brain regions highlighted. Created with Biorender.

Information encoded by the brain is transmitted in many forms between neurons leading to diverse readouts of
neural activity, which can be monitored using functional reporters and fluorescence imaging.® The rapid,
transient changes in membrane potential responsible for the interneural electronic transmission can be directly
reported with membrane-localised voltage indicators (Figure 2). This electrical activity induces spikes in
neuronal cytosolic calcium ion concentrations of 10—100-fold via Ca®" influx through voltage-gated calcium
channels and ionotropic glutamate receptors, for example.” '’ Calcium homeostasis is quickly restored by efflux
pumps like the plasma membrane calcium ATPase and the sodium-calcium exchanger. Many fluorescent
calcium indicators have therefore been developed because of the importance of this “second messenger” in
signalling, the discovery of calcium-binding moieties for sensor design,''""* and simultaneous technological
advancements in fluorescence microscopy. Another chemical messenger, glutamate, is one of several
neurotransmitters essential for neuronal signalling and can be sensed directly, usually with genetically-encoded
indicators possessing specific neurotransmitter binding sites.'* In addition, on a slower timescale, downstream
changes in gene expression within specific neurons in brain regions associated with learning and memory can
also be followed.'> Moreover, during elevated neuronal activity, astrocytes mediate increases in cerebral blood
flow, known as neurovascular coupling, via relaxation of arteriole smooth muscle and vasodilation of local
blood vessels, in order to match the metabolic demand.'® These haemodynamic changes can be monitored across
the brain by macroscale imaging modalities such as functional magnetic resonance imaging (fMRI)."”
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Figure 2: Simplified diagram of the molecular mechanism of action potential transmission between neurons at a
synapse and the chemical changes which can be monitored using sensors. An activated neuron undergoes membrane
depolarisation, largely via Na® influx through fast-opening voltage-gated Na channels, followed by Ca?" entry through
voltage-gated Ca®" channels. Exocytosis of excitatory neurotransmitters such as glutamate, stimulates ligand-gated ion
channels either directly or via G-protein-coupled receptors (GPCR) activation, facilitating propagation of the action
potential. Repolarisation to restore the resting state of a neuron is principally achieved via K* efflux.'® Membrane-localised
voltage sensors, cytosolic calcium sensors and neurotransmitter sensors are the three major fluorescent reporters of
neuronal activity. Adapted from ref."’

Currently, the combination of multiphoton microscopic techniques and fluorescent calcium indicators is very
powerful for functional neuroimaging at the cellular or subcellular level, whilst the whole-brain imaging
capability of fMRI and positron emission tomography (PET) makes them the modality of choice for larger
animals or human studies.'” ?* However, despite the wide range of imaging tools, there is still a need for a
modality which can bridge this gap between the microscale and the macroscale, correlating the neural circuit
activity to entire brain regions, by melding high spatiotemporal resolution with imaging depth. Photoacoustic
imaging (PAI) is an emerging, hybrid biological imaging technique which can fill this void and make a
significant contribution to the neuroimaging field.

[.2 Photoacoustic Imaging
[.2.1 General principle and fundamentals of photoacoustic imaging

The principle behind PAI, the photoacoustic (PA) effect, has been known for over a century®! but it has taken
relatively recent technological advancements® to lead to an imaging modality applicable for biological research
and suitable for clinical use. In PAI, a sample is irradiated by short laser pulses (Figure 3a), resulting in the
excitation of chromophores. These excited absorbers predominantly undergo non-radiative relaxation (Figure
3b), in contrast to the competing fluorescence process, which leads to a local temperature rise and thermoelastic
expansion. This energy is dissipated by the propagation of acoustic waves, which are detected by a single or
multiple transducer(s) to reconstruct an image. A wide range of both endogenous and exogenous reporters can
provide contrast for this modality (see section 1.3).* The hybrid nature and the intrinsic versatility of PAI has



made it a valuable addition to the existing imaging toolbox for a diverse range of molecular imaging, preclinical
and clinical applications.?*
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Figure 3: The fundamental principle and features of photoacoustic imaging (PAI). (a) Schematic of the origin of the
photoacoustic effect; adapted from ref.?> (b) Simplified Jablonski diagrams comparing PAI and fluorescence imaging.

1.2.2 Photoacoustic imaging techniques

There are different configurations of PAI which make this technique highly scalable, by tuning imaging speed,
penetration depth and spatial resolution (Figure 4). Point-by-point scanning of a focused excitat