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Abstract  
Electrophysiology is an integral component of understanding brain function, giving real 

time information on neuronal signaling using strategically placed needle electrodes or patches. 
Imaging electrophysiology in small animal research is achieved via direct (genetically encoded 
calcium and voltage sensitive indicators, GECIs and GEVIs) as well as indirect 
(hemodynamics) methods with functional magnetic resonance imaging (fMRI), functional 
ultrasound (fUS) and optical imaging (fluorescence). For murine imaging, current methods 
suffer from one or many of the following: poor spatiotemporal resolution, small field of view 
(FOV) and shallow penetration depths. Recently, optoacoustic tomography (OAT) in the form 
of functional optoacoustic neurotomography (FONT) has emerged as a method of indirect 
imaging of neuronal activity via hemodynamics capable of imaging the entire mouse brain at 
high spatiotemporal resolution. This dissertation focuses on the improvement and application 
of a novel FONT system to achieve direct imaging of electrophysiological activity in scattering 
tissues i.e., the brain via GECIs. In the scope of this thesis, a system was developed capable 
of imaging isolated ex vivo mouse brains & hearts in their entirety with a single laser pulse and 
provided high resolution anatomical detail. The lack of inherent motion in brain imaging and 
wide availability of transgenic GECI expressing mouse lines organisms were most suitable for 
FONT. Prior to GECI imaging the FONT system was employed to detect, and map electrical 
paw stimulated hemodynamic activity in the somatosensory cortex in vivo. FONT allowed the 
detection of all hemodynamic components (HbO, HbR and HbT) showing elevated 
contralateral responses and the presence of an initial dip in the HbO component. Following 
this sparsely labelled GCaMP6s/f detection was achieved despite strong background 
absorption of hemoglobin. Finally, the project looked to novel electrophysiological proteins for 
FONT detection of voltage responses via a FRET based GEVI (Butterfly 1.2) and to overcome 
inherent visible light absorption & scattering with a NIR GECI (NIR-GECO1). The proteins were 
tested for their suitability for FONT in combination with fluorescence for validation and while 
both proved successful for fluorescence imaging, neither are currently suitable for FONT. 
However, strategies and steps for development of FONT and these proteins are outlined to 
realize this. The work described here has established a platform for the non-invasive testing 
of electrophysiological proteins and improves current FONT techniques and practices with 
broad implications for neuroimaging.  
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Zussamenfassung 
Die Elektrophysiologie ist ein integraler Bestandteil des Verständnisses der Hirnfunktion 

und liefert mit Hilfe von strategisch platzierten Nadelelektroden oder Pflastern Informationen 
über die neuronale Signalübertragung in Echtzeit. Die Abbildung der Elektrophysiologie in der 
Kleintierforschung erfolgt sowohl über direkte (genetisch kodierte Calcium- und 
spannungssensitive Indikatoren, GECIs und GEVIs) als auch indirekte (hämodynamische) 
Methoden mit funktioneller Magnetresonanztomographie (fMRI), funktionellem Ultraschall 
(fUS) und optischer Bildgebung (Fluoreszenz). Für die Bildgebung bei Mäusen leiden die 
aktuellen Methoden unter einer oder mehreren der folgenden Eigenschaften: schlechte 
räumlich-zeitliche Auflösung, kleines Sichtfeld (FOV) und geringe Eindringtiefe. In jüngster Zeit 
hat sich die optoakustische Tomographie (OAT) in Form der funktionellen optoakustischen 
Neurotomographie (FONT) als eine Methode zur indirekten Darstellung neuronaler Aktivität 
über die Hämodynamik herauskristallisiert, die in der Lage ist, das gesamte Maushirn mit hoher 
räumlicher und zeitlicher Auflösung abzubilden. Diese Dissertation befasst sich mit der 
Verbesserung und Anwendung eines neuartigen FONT-Systems zur direkten Abbildung 
elektrophysiologischer Aktivität in streuenden Geweben, z.B. dem Gehirn, mittels GECIs. Im 
Rahmen dieser Arbeit wurde ein System entwickelt, das in der Lage ist, isolierte ex vivo 
Mäusegehirne und -herzen in ihrer Gesamtheit mit einem einzigen Laserpuls abzubilden und 
hochauflösende anatomische Details zu liefern. Das Fehlen inhärenter Bewegungen bei der 
Bildgebung von Gehirnen und die breite Verfügbarkeit von transgenen GECI exprimierenden 
Mauslinien waren für FONT am besten geeignete Organismen. Vor der GECI-Bildgebung 
wurde das FONT-System zur Detektion und Kartierung elektrischer, durch die Pfote 
stimulierter hämodynamischer Aktivität im somatosensorischen Kortex in vivo eingesetzt. 
FONT ermöglichte die Detektion aller hämodynamischen Komponenten (HbO, HbR und HbT), 
die erhöhte kontralaterale Antworten und das Vorhandensein eines anfänglichen Einbruchs in 
der HbO-Komponente zeigten. Anschließend wurde trotz starker Hintergrundabsorption des 
Hämoglobins eine spärliche GCaMP6s/f-Detektion erreicht. Schließlich wurden neuartige 
elektrophysiologische Proteine für die FONT-Detektion von Spannungsantworten mittels eines 
FRET-basierten GEVI (Butterfly 1.2) und zur Überwindung der inhärenten Absorption & 
Streuung von sichtbarem Licht mit einem NIR-GECI (NIR-GECO1) untersucht. Die Proteine 
wurden zur Validierung auf ihre Eignung für FONT in Kombination mit Fluoreszenz getestet. 
Während sich beide für die Fluoreszenz-Bildgebung als erfolgreich erwiesen, sind beide 
derzeit nicht für FONT geeignet. Es werden jedoch Strategien und Schritte zur Entwicklung 
von FONT und dieser Proteine skizziert, um dies zu realisieren. Die hier beschriebene Arbeit 
hat eine Plattform für das nicht-invasive Testen von elektrophysiologischen Proteinen etabliert 
und verbessert aktuelle FONT-Techniken und -Praktiken mit weitreichenden Implikationen für 
das Neuroimaging.   
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Preface 
This chapter will provide a brief understanding of the content of the work in this thesis 

and how each of these chapters are linked. The work carried out here was multi-disciplinary 
and ranged from MATLAB coding to animal experiments and rapid prototyping. This research 
focused on the biological and engineering applications of OAT in the form of functional 
optoacoustic neurotomography (FONT) with the goal of imaging of electrophysiological signals 
in 3D, real-time and over the field-of-view (FOV) of an entire organ. 

Electrophysiology is the recording of electrical potential across the cell membrane, from 
neighboring or groups of cells. It is a highly invasive method requiring the insertion of glass 
capillaries or needle electrodes attached to cell membranes or into the brain.[1] 
Electrophysiological signals from single or groups of cells can be recorded less invasively via 
fluorescent genetically encoded indicators.[2, 3] These are sensitive to either calcium (similar 
to electrophysiological activity) or voltage changes, modulating output fluorescent signals, 
which are detected with sensitive optical systems.[4] However, fluorescent imaging suffers 
from the optical aberrations (scattering and absorption) properties of tissues.[5] Thus, 
fluorescence imaging is often limited to superficial layers of the brain, slow acquisition times, 
small FOVs and is highly invasive e.g. optical window implantation, which involves scalp 
removal, skull thinning and optical window implantation. This can have adverse negative 
effects on the sample with implications for longitudinal imaging.[6] Only small areas of the brain 
can be recorded in 3D via confocal methods, but these often lack the required speed needed 
to detect whole brain electrophysiology in real time.  

Optoacoustic tomography (OAT) in when applied to brain imaging is known as 
functional optoacoustic neurotomography (FONT). OAT uses nanosecond laser pulses (< 10 
ns) which are absorbed by tissue.[7] This absorption of optical light (optical contrast) is 
converted to heat causing rapid expansion and contraction of the tissue, generating ultrasound 
(US).[8] Detection is achieved via the emitted US, which undergoes minute absorption and 
scattering in tissue compared to optical methods. FONT has increased penetration depths 
compared to fluorescence imaging with optical contrast and can carry out all of this completely 
non-invasively (no removal of scalp or skull). Endogenous chromophores such hemoglobin or 
lipids present in the tissue differentially absorb light across the spectrum of light. For example, 
the peak of oxygenated hemoglobin is 575 nm whilst for lipids this is 1210 nm. FONT can 
further take advantage of this to spectrally unmix components within the tissue.[8] A vast array 
of fluorescent GECIs & GEVIs exist, but none have been optimized for FONT. Previously, 
FONT was used to detect GCaMP5 transients in zebrafish but this had yet to be investigated 
in mice.[9] 

The FONT system at Prof. Razanskys lab has a field of view of over 1cm3, and an 
imaging rate of 1.6 KHz.[10] Laser pulses were delivered from a single fibre at the centre of 
the transducer limiting illumination to one half of the FOV. This limitation was overcome by 
delivering light uniformly to the FOV from seven fibres mounted in a 3D printed waterproof 
chamber. The chamber ensured coupling medium (water) for US waves and optimally held the 
transducer and fibres in place. The system could capture the entire volume (as opposed to 
half) and internal structures of both the mouse brain and heart with a single laser pulse. This 
setup was published in the Journal of Biophotonics and is outlined in Chapter 2.[11] The 
developed system was then used to image the fluorescent GECI, GCaMP6f (neuronal calcium 
activity) in an isolated mouse brain model with activity being evoked using a seizure inducing 
drug, pentylenetetrazol (PTZ). [12] 



xii 
 

Having established FONTs ex vivo capabilities, in vivo applications were assessed. 
Firstly, non-invasive monitoring of hemodynamic activity was investigated. Electrical stimuli 
were applied to the hind paws of mice with FONT achieving non-invasive 5D (3D, time, 
multispectral) mapping of the evoked hemodynamic response. Mapping was achieved of 
cortical hemodynamic responses induced with electrical paw stimuli for all hemodynamic 
components i.e. oxy-, deoxy- and total hemoglobin (HbO, HbR & HbT respectively). The 
somatosensory cortex of the mice, particularly the region responsible for hindpaw stimulation, 
showed elevated activation; the intensity of this activation was found to be statistically 
significant over all other analysed regions in the brain. These experiments gave a greater 
insight into how hemoglobin, and how hemodynamic activity can mask GCaMP6f signals, and 
are outlined in Chapter 3. 

Building on the experience gained from hemodynamic imaging with FONT, the 
detection of GCaMP6f and GCaMP6s transients were investigated are now published in 
Nature Biomedical Engineering.[13] This was a first of its kind with FONT showing an increased 
spatiotemporal resolution and FOV compared to fluorescence. The non-invasive capabilities 
of FONT and the transgenic GCaMP expression highlight the potential for longitudinal 
(repeated over days or weeks) imaging. To further assess the sensitivity of FONT, a similar 
system at Prof. Shy Shoham’s lab at New York University (NYU) successfully imaged sparsely 
labelled GCaMP6s/f mice (10% of the expression of previous mice). In line with a pulication 
based dissertation and that these results are unpublished this is only briefly mentioned in the 
conclusion & outlook. 

Experience with these experiments led me to realise that the main disadvantage with 
imaging transgenic fluorescent proteins with FONT was the absorption wavelength of blue 
(488nm) light. This resulted in the blood vessels being highly visible in all images which was 
useful for registration of the data to brain atlases but made detecting GCaMP6 signals 
cumbersome. Additionally, the inherent noise in the FONT system (~2%) and the low delta 
(signal change upon activation) in GECIs and GEVIs were limiting factors for FONT. The ideal 
indicator would have a high delta and absorption in the near infrared (NIR) spectrum of light. 
Luckily, in collaboration with Prof. Robert Campbell and Prof. Ed Boyden, it was possible to 
successfully test the first near NIR based GECI (NIR-GECO1) in vivo. Detection of NIR-
GECO1 transients was achieved via non-invasive mesoscale fluorescence imaging. However, 
the low delta of the protein seen in fluorescence did not render it suitable for FONT (despite 
some efforts). This (fluorescent) work was published in Nature Methods and is outlined in 
Chapter 4.[14] Whilst not suitable for FONT, both forms of the protein (calcium bound & calcium 
free) can be spectrally distinguished with FONT (unpublished however, included here) but in 
vivo transients could not. Concurrently, the GEVI BUTTERFLY 1.2 (absorbing in the visible at 
488 nm) was tested for suitability for FONT but it too suffered from too small a delta in 
fluorescence imaging. This is mentioned in the final part of the dissertation.  

This project has now established a clear and solid platform from which FONT can be 
used for electrophysiological imaging in the future. Solutions for challenges such as inherent 
system noise, scattering of visible light, physiological parameters, development and testing of 
novel proteins and suitable validation mechanisms have been overcome paving the way for a 
suitable indicator. During the course of this thesis many first of their kinds were achieved such 
as mapping electrical stimulus evoked hemodynamic activity, detecting direct neuronal activity 
with FONT via calcium signaling and testing the first NIR GECI.   
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1. Introduction 
1.1  Fluorescence imaging 

Imaging in its various forms is an essential and integral component for the life sciences 
and medicine.[1-3] Imaging is the process of capturing data from an object and storing this 
information as discrete values. Medical and biological imaging focuses on capturing 
information from the internal structures of organisms such as organs and bones.[4] This area 
of imaging focuses on the interaction of the electromagnetic spectrum (x-rays, light to radio 
waves) with an organism to reveal information, see Figure 1.1 A). All of this is done to reveal 
more information about what is happening in an organism from both an anatomical and 
functional standpoint.[4] In medical imaging a form of electromagnetism is selected, directed 
toward the object and then it’s interactions with this object are detected with a flat (2D) method 
of detection, see Figure 1.1 B).[4, 5] Detection is carried out in various forms e.g. x-rays 
passing through a body or ultrasound (US) being reflected back to a detector.[5-7] The 
detected information is then converted to electronic signals and stored as values to make an 
image on a computer. By rotating the detector around an object, tomographic (2D slices) 
images can be generated.[8] Acquiring data in the same manner along an axis (translation of 
the acquisition method or object being imaged) can then be used to build an array of slices 
resulting in 3D or volumetric tomography.[9] Imaging in general, has evolved from the simple 
prehistoric drawings on caves, learning how to draw with perspective in the Renaissance and 
to capturing images from the outside and inside of various objects.[4, 10, 11] Today, imaging 
can be performed with smartphones with profound implications. For example, phones can be 
used to capture 3D images that are then used to design prosthetics.[12] Instead of 2D drawings 
and representations, 3D visualization and imaging can enable a more in depth analysis of an 
object and in turn, reveal more information. Information is at the heart of science, engineering, 
and medicine. Before the process of building 3D images from 2D ones is clarified, it is essential 
to identify and explain the main methods which were used in this dissertation. Both methods 
centered around the utilization of the electromagnetic spectrum for imaging. The first method 
that will be discussed is fluorescence. For the applications in this dissertation this method of 
imaging relies upon the visible spectrum of light (400 – 700 nm), see Figure 1.1 A). All 
fluorescence imaging carried out in this dissertation employed a common 2D method of 
imaging with an optical camera.  
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Figure 1.1 The electromagnetic spectrum and image formation. A) The electromagnetic 
(EM) spectrum including those commonly found in medical imaging such as X-rays and the 
visible spectrum of light. B) Image formation of an object using a detector. An EM source is 
used to interrogate the object. Reflected or transmitted EM spectrum signals are recorded by 
the detector converting the physical signals to digital ones. If the detector remains fixed a 2D 
image is formed, rotating the object or detector along an axis generates a 3D image. The 
digitized signals are then output to a computer where they can be stored. Image made with 
Biorender.com. 

Fluorescence imaging is a light based (optical) method of imaging with the added 
advantage of using non-ionizing radiation. This means avoiding putting the sample or patient 
at risk of tissue damage. It has a long history from concept to current applications in basic 
research and medical imaging including (but not limited to) antibody labelling, cell structure 
identification and fluorescence guided surgery.[1, 13-16] The physical process commonly 
employed in research is explained in Figure 1.2. In short, a wavelength of light (λexc) is shone 
onto a substance e.g. green fluorescent protein (GFP).[17] This light causes electrons in the 
GFP to be excited to a higher state, where some of the energy is released as heat (through 
vibrational relaxation). After this, the electron returns to its original energy level and in the 
process of it doing so, it releases its remaining energy as light (λem). The emitted light has less 
energy than the excitation light, therefore λem is a longer (weaker) wavelength than λexc. In the 
case of GFP, the most commonly used fluorescent protein, 488nm (blue) light is used to excite 
fluorescence which emits at 532nm (green).[18-20] The difference between the two 
wavelengths is known as a Stokes shift and the entire process was first described by 
Aleksander Jabłoński.[13, 21] Numerous animals are able to create similar light emissions 
(luminescence not fluorescence) but humans have only caught up in the last century thanks to 
lasers and protein engineering.[22, 23] Fluorescent imaging has now emerged as an integral 
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part of basic research. It is used in microscopy for immunohistochemistry and various animals 
have been genetically engineered to express a range of fluorescent proteins covering the 
visible spectrum of light.[24-27] Fluorescence imaging is now a robust and reliable imaging 
method, producing rich contrast across a range of spatiotemporal resolutions.[28-32]   

 
Figure 1.2 Fluorescence Jablonski diagram. The process of fluorescence which follows how 
an electron reaches an excited state via absorbed energy. Once the electron reaches an 
excited (higher state), it undergoes vibration and energy is lost via heat. Finally, the electron 
releases the remaining energy as fluorescent light, and it returns to its ground state.[13, 21]  

A quick and robust form of fluorescence imaging is a 2D modality known as wide-field 
fluorescence imaging and is described in Figure 1.3 A). Here, an objective lens is used to focus 
all the fluorescent light originating from a sample onto a 2D detector. The configuration of this 
lens and detector will determine whether imaging is carried out in the micro-, meso- or macro- 
scale (spatial resolution of the system). The system can only focus on a single plane with a 
determined depth of field. The depth of field of the plane refers to the amount of an object in 
the Z (or depth) direction from which collected light will be in focus; it has a direct effect on the 
axial resolution of a system.[33] In a setup like that in Figure. 1.3 A), non-focused light from 
planes above and below will also be detected and will affect the imaging quality. A confocal 
setup can be used to mitigate against this see. Fig 1.3 B), but was not used during this 
work.[34] A confocal system works by only illuminating the sample at either a very specific 
point (two-photon) within the sample (Z axis) or only detecting light from only a single plane 
(along the Z axis) and removing out of focus light using pinholes.[34] Confocal systems 
therefore require point by point (raster) scanning to generate an image which results in high 
resolution images.[34] Further optical advancements have enabled illumination of entire planes 
within a sample via single plane illumination microscopy (SPIM).[35] However, in these cases 
the data capturing process is carried out by moving the 2D imaging plane across a small FOV 
(such as Drosophila embryos) within a 3D object and digitally compiling the single slices 
(images) into a 3D volume.[36-40] Imaging in this manner is time consuming (low temporal 
resolution) with increased data loads over relatively small FOVs, on the order of mm’s. This is 
especially true when acquiring 3D data with high-speed imaging (multiple volumes per 
second).[41] The sample macro fluorescent setup which is most relevant to this dissertation is 
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outlined in Figure 1.3 A). In this case GFP is used as an example, requiring 488nm excitation 
laser light and emitting fluorescence at 532nm. Wide-field fluorescence imaging is capable of 
imaging a larger FOV in 2D at high spatiotemporal resolution, however this comes with the 
lack of any depth penetration (imaging along the Z axis) and is often of lower spatial resolution 
than confocal or SPIM methods.[30, 42, 43] The knock-on effect of this means that in 
comparison to confocal imaging and SPIM, detected signals come from the entire volume and 
are summed at detection. As a result, it is most suited to thin, non-scattering samples and 
situations with high motion, such as live organism imaging.[44, 45] 

 

 

Figure 1.3 The most common forms of fluorescent imaging. The same physical process 
as described in Figure 1.1 is employed in combination with suitable equipment. This includes 
a suitable detector (camera) coupled with a lens and suitable fluorescent filter. The filter 
ensures only the emitted fluorescent light is detected. In A) the imaging plane (dotted line) is 
fixed in a wide field setup. Here signals from below the surface of the object are detected as 
well as those within the plane. In B) the imaging plane is scanned up and down through the 
sample (confocal microscopy, two-photon, SPIM). It is notable that in both cases images are 
acquired in a 2D manner and in B) can be stacked to generate a 3D image.  

There are two main physical limitations when imaging with a solely light-based method 
like fluorescence. Those are the absorption and scattering that both the excitation light and 
emitted fluorescence will be subject to by tissues and their components. Both of these are 
more prevalent in the visible regime of light, see Figure 1.4.[46, 47] Absorption reduces the 
amount of energy a photon has whilst it travels and scattering causes the travel of the photon 
to diverge randomly.[48, 49] For approximately the first 300 microns in tissues, photons of 
visible light can travel in a straight line and are known as ballistic photons.[50, 51] This is the 
case for light used to excite fluorescence or emitted by fluorescence. These photons carry a 
high amount of information and can be readily recovered to produce diffraction limited (high 
resolution) images. However, after this short 300 µm distance, the photons enter a diffusive 
regime and diverge along random paths from their point of entry or generation.[52] It is very 
difficult to overcome these processes for either the sent photons or the excited fluorescent 
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photons. The absorption and scattering of light negatively effects image quality in terms of 
resolution, contrast, achievable imaging depths and ultimately the accuracy of imaging and 
collected data.[53] Hence, overcoming the limitation imposed by the scattering and absorption 
properties of tissues has been the subject of intense research, developing numerous modelling 
methods, imaging techniques and even tissue clearing.[54-59] Advanced optical setups like 
two and three photon imaging use longer excitation wavelengths outside of the visible 
regime.[34, 60] These have the advantage of deeper penetration, since longer excitation 
wavelengths are less affected by scattering or absorption by tissues (Figure 1.4).[61] However, 
detection is still of emitted fluorescent photons in the visible regime, which are highly affected 
by scattering and absorption.[62, 63] In cases where laser power is not an issue e.g. phantom 
or fixed sample imaging where burning and heating due to exposure to IR wavelengths can be 
ignored, fluorescence can be generated at planes above the focal plane reducing signal to 
noise ratio (SNR) and blurring of images.[60, 62] Ultimately, this means that when trying to 
overcome light absorption and scattering there are inherent physical limits to the achievable 
depths with two and three photon fluorescent microscopy and currently, these limits are being 
reached. These limits result in being unable to image deep seated tissues especially in e.g. 
the brain, a highly scattering and absorbing tissue.[61] In turn, this limits data acquisition to 
cortical structures and small areas (cubic millimeters) of the brain.[64] Further disadvantages 
of fluorescence imaging often lie in trade-offs between speed, resolution, FOV and achievable 
depth penetration. 

Whilst robust, fluorescence imaging has many drawbacks, namely reduced penetration 
depths due to the absorption and scattering of visible light in tissues. This is especially 
noticeable when trying to image over a large scale in scattering tissues such as the entire 
murine brain or heart. Accordingly, there is a growing need for a modality which can provide 
similar resolution, contrast, and acquisition speeds over larger fields of view (FOVs). This 
dissertation will use macroscale setups like that shown in Figure 1.2 A). In this case, 
fluorescence imaging will be used as a tool to validate results from optoacoustic (OA) imaging.  

 

Figure 1.4 The absorption spectra of various endogenous components of mammalian 
tissues. Higher absorption of light (~2 orders of magnitude) is shown in the visible spectrum 
in comparison with the NIR-I wavelengths. Reproduced via creative commons from Dean-Ben 
et al [53].  
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1.2  Optoacoustic Tomography   
Before diving into OA imaging, a brief background in ultrasound (US) is required as it 

is an integral part of OA imaging. It is important to note that at the heart of every OA system is 
an US transducer and the development of these transducers have been instrumental to the 
current success and future of OA.[1] Clinical and pre-clinical US imaging is carried out at 
frequencies above the hearing limit of humans (max 20 KHz) with a range of transducer (able 
to send and receive US waves) geometries, often highly sensitive at MHz frequencies.[2, 3] 
The major developments and research into US devices have transformed it from large and 
bulky prototypes to compact, hand held and reliable scientific instruments.[4-6] As a result, US 
is now a routine and dependable tool in clinics around the world with numerous applications 
from monitoring patient recovery, image guided surgery and even the characterization of 
gingivitis.[7-11] It is relatively inexpensive, fast (video rate imaging), non-ionizing and safe to 
use. In comparison to light-based methods, the penetration depth achieved with US in tissues 
is far larger (in the order of tens of centimeters) at the expense of resolution (in the order of 
millimeters). Both of which are directly related to the frequency of the transducer, as shown in 
Figure 1.5, with there being tradeoffs between resolution and penetration depths.[12, 13]  

 

Figure 1.5 Achievable resolution and penetration depth in tissue as a function of US 
frequency. Highlighted is the transducer central frequency used in this work. Adapted from 
Otto et al.[13] 

US imaging requires a transducer which sends an ultrasonic wave into tissue. Due to 
the mismatch in speed of sound in tissues (similar to water ~1480 m/s) versus air (~330 m/s), 
gel (mainly water) is used as a coupling agent to allow ultrasonic waves to enter and exit 
tissue.[14, 15] The attenuation of ultrasound at 1 MHz ranges from 0.0022 dB/cm in water 
(tissues) versus 12 dB/cm in air and, the gel ensures US waves pass from one medium to the 
other without major distortions.[14, 15] Similarly to light based imaging, US waves can undergo 
reflection, refraction or scattering resulting in numerous artifacts.[16, 17] Subsequently, only 
components within the tissue which cause the wave to return back to the transducer are 
detected.[2] When the wave is reflected away from the transducer, no signal is detected and 
the signals that do return to the transducer are weaker than those emitted.[2] Through various 
reconstruction algorithms and depending on the transducer geometry, an image is then formed 
over a large FOV (tens of centimeters).[18]  
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Using techniques such as time of flight (the length of time between the US wave being 
emitted and then returning to the transducer) in combination with transducer geometry (2D or 
3D) will determine the type of imaging that is performed.[19-21] This image can tell an 
experienced user numerous things about an object or tissue. Various structures such as 
ligaments, bone and even blood flow (Doppler) can be determined.[22, 23] Images can be 
recorded at KHz rates with US but they are severely lacking contrast in comparison with 
fluorescence imaging.[24] To compensate for this lack of contrast, exogenous contrast 
mechanisms can be added during imaging such as microbubbles (which resonate at the MHz 
frequencies used clinically), and these are currently being adopted in clinics.[25, 26] Whilst US 
is readily capable of imaging scattering tissues on a large scale, the lack of contrast has limited 
its application to murine research. It predominantly functions as a method for anatomical as 
opposed to functional imaging, with no current application to image electrophysiology. 

Optoacoustics (OA, also known as photoacoustics and thermoacoustics) is an imaging 
method which can overcome the contrast issue faced by US and the penetration issues faced 
by fluorescence imaging.[27] This positions it as a possible solution to imaging over a large 
scale (cm3) through highly optically scattering tissues such as the murine brain.[27] Current 
applications in imaging electrophysiology with OA have been limited to proof of concept studies 
with exogenous dyes in vivo, posing difficulties for longitudinal imaging.[28, 29] OA in 
comparison to US and fluorescence imaging is a relatively new imaging technique. However, 
it has a long history dating back to Alexander Graham Bell who first described the phenomenon 
and has undergone accelerated development in recent years.[30, 31] Compared to 
fluorescence, OA has only been used for imaging in the past three decades, as shown by the 
timeline depicting the increase in publications of OA imaging (OAI), optoacoustic tomography 
(OAT) and fluorescence imaging per year in Figure 1.6. There has been a steady increase in 
the publications per year for OAI while papers focusing on OAT are more recent, dating from 
the mid-90s. From a practical perspective, OA employs two physical phenomena instead of 
one. This is in stark contrast to US or fluorescence imaging where sound or light are sent in 
and sound or light are detected, respectively. For OA imaging, short pulses (nanoseconds) of 
electromagnetism, light or radio frequencies (RF) are used to generate US waves.[32] The 
work in this dissertation has focused on OAI that is carried out via pulses of light and so RF 
will not be discussed. To apply OAI to biomedical imaging certain criteria must be met. One of 
which is that, light must be delivered to an object in predetermined pulses, less than ten 
nanoseconds in duration.[27]  
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Figure 1.6 Publications mentioning optoacoustic tomography, optoacoustic imaging 
and fluorescence imaging per year based on data from SCOPUS. OA imaging has been 
around since the 1980s, but OAT is a more recent development from 1995. OAT makes up a 
small amount of current OA publications, both of which are small in comparison to fluorescence 
imaging.  

When the pulse of light first arrives the object (e.g. an absorber on the molecular scale 
such as heme in hemoglobin) will absorb the energy from the light causing it to slightly heat up 
(millikelvin increase) and expand, converting the thermal energy to mechanic energy.[27, 33] 
This process is known as thermoelastic expansion and the efficiency at which an absorber can 
convert thermal to mechanic energy is known as its Grüneisen parameter.[34] As the light is 
only present for <10 ns, the heating stops, and the object will quickly cool and contract to its 
original size in a process known as thermoelastic contraction.[35] It is this rapid expansion and 
contraction of the absorber which produces US waves, hence the importance of short light 
pulses as shown in Figure 1.7. Additionally, as the light exposure is so short, the level of 
heating and expansion in terms of potential damage to the object is negligible.[36] The short 
pulses further allow the determination of signals based on time of detection and increase the 
achievable axial resolution.[34, 37] In comparison, fluorescence, especially wide-field imaging, 
uses continuous wave (CW) lasers which cause a slow heating of the tissue, and unless 
modulated, do not meet the requirements to produce US waves.[33, 38]  
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Figure 1.7 Jablonski diagram explaining the generation of OA waves. Note that in 
comparison to Figure 1.2 the excitation light (λexc) is pulsed. The generated heat is converted 
to mechanical potential by the object resulting in thermoelastic expansion and contraction, 
producing ultrasound. 

The physics of OAI have positioned it as a widely applicable imaging method capable 
of carrying out longitudinal basic research and clinical studies.[27] The amount of heat 
generated is proportional to the pulse of delivered light and as previously mentioned, is within 
the milliKelvin range; each milliKelvin (0.001°C) increase will produce around 0.8 MPa of 
pressure in tissues.[34] US imaging is commonly performed from 0.1 to 4 MPa of pressure 
meaning that only a slight increase in temperature is required to produce similar imaging 
conditions with OAI.[39] Hence, the amount of light needed to generate US is well below the 
American National Standards Institute (ANSI) safety limits for light exposure.[33, 40] The 
mathematical process by which OA waves are produced are not shown here as they were not 
the focus of this dissertation and have been described in detail numerous times.[36, 41] One 
of the most important developments is the use of a laser to deliver pulses of light to create OA 
waves.[42] Since this finding, most applications of OAI have relied on similar lasers for imaging 
and more recently modulated continuous wave lasers have been employed.[38] This has led 
to the exponential growth of OAI as seen in Figure 1.6.   

                As per Figure 1.4, biological components such as hemoglobin, lipid and water will 
absorb at various rates at distinct wavelengths of light.[27, 43] A good practical example of this 
is putting a green laser pointer directly against a finger and the light will not go through (it is 
mostly absorbed by hemoglobin and highly scattered by lipids).[43] However, when this is done 
with a red laser, some light will be visible through to the other side (less absorption and 
scattering).[43] OAI takes advantage of this phenomenon and uses pulsed lasers known as 
optical parametric oscillators (OPOs) to produce specific wavelengths of light that excite the 
tissue. Illuminating tissues with specific wavelengths prioritizes the US signal from one 
component over another, creating a map of the optical absorptivity of the tissue.[40, 44] 
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Performing OAI in this manner enables the multispectral unmixing of the tissue into its separate 
components and biomarkers e.g. oxy- and deoxygenated hemoglobin, melanin and lipids.[27]  

One of the main advantages of OAI over fluorescence imaging is that the light only 
needs to deposit its energy within the tissue and is not needed for detection. For this reason, 
optical scattering could be seen as an advantage for acoustic resolution OAI helping to more 
uniformly disperse energy within the tissue, readily seen within lipid heavy tissues such as the 
brain. The resulting generated US is far less scattered in comparison to the optical component 
and can be readily recovered.[45] This has the added benefit of achieving optical based 
contrast with the reduced scattering and refraction of US in tissues, resulting in molecular 
imaging across depths, FOVs and spatiotemporal resolutions that neither US nor fluorescence 
imaging can achieve.[34, 46] This has been advanced to a stage where numerous endogenous 
(biomarkers such as hemoglobin, lipids) and exogenous (fluorescent dyes, nanoparticles) 
spectral components can be spectrally unmixed.[27] When carried out using a tomographic 
system this  process is known as multispectral optoacoustic tomography (MSOT).[47] This 
method is predominantly focused on biomarker unmixing, brain vasculature in small animals 
and angiogenesis in tumors (with human applications).[27, 48-50]  

 

Figure 1.8 Comparing the imaging capabilities of optoacoustic and other functional 
imaging modalities in terms of spatial resolution and volumetric imaging rates. 
Fluorescence methods are shown in violet; light sheet microscopy (LSM),[51] two photon 
(2P)[52] & light field microscopy (LFM).[53] Functional ultrasound (fUS) shown in green,[54] 
functional magnetic resonance imaging (fMRI) shown in orange for both clinical and pre-clinical 
systems,[55, 56] high-density diffuse optical tomography (HD-DOT) is shown in gray,[57] OA 
systems are shown in cyan including optical resolution photoacoustic microscopy (OR-
PAM)[58] along with 4D and 5D optoacoustic tomography (4D-5D OAT).[59] Reproduced 
under creative commons license from Dean-Ben et al. 2017.[27] 

The versatility of OAI has resulted in numerous devices and setups.[27] These range 
from small FOV (mm3) high resolution OA microscopes to large scale (cm3) FOV macroscopic 
tomographic imaging setups with pre-clinical and clinical applications. Conveniently, these 
applications bridge the gap between high resolution, small FOV methods and low resolution, 
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large FOV methods.[27] This is shown in Figure 1.8. This work has focused on the 
implementation of an optoacoustic tomography (OAT) system and so other systems which are 
outside the scope of this thesis, will not be discussed. The spatiotemporal resolution and 
volumetric imaging rates of OAT position it as an excellent candidate to image 
electrophysiology across a large scale in scattering tissues, likely outperforming fUS and 
fluorescence imaging.  

Tomography, as previously described in Chapter 1.1 is the process of imaging an object 
in 2D slices. By translating the detector or object along an axis, 3D images can be rendered 
by stacking the 2D slices. Many forms of OAT have been developed including those with cross 
section-based acquisitions. These have been developed for small animal imaging and function 
by surrounding the object of interest with optical paths for laser excitation and a circular 
transducer array to instantaneously capture excited US signals from the entire FOV.[60] An 
example of such a system is shown in Fig 1.9 A). In this case an animal (such as a mouse) is 
translated along the Y axis whilst tomographic images are acquired at each section. This 
technique has already shown the ability to image entire cross sections of mice at video rates, 
revealing deep-seated internal structures such as the liver and heart.[60, 61]    

 

Figure 1.9 Common OAT setups. A) A 512 elements hemispherical OAT transducer array 
with central aperture used to deliver light to the sample. This setup allows volumetric imaging 
of a large FOV (1-2 cm3) B) MSOT setup as is available in commercial systems. The transducer 
and light sources (fibers) are moved along the y axis imaging the object in slices like MRI and 
X-Ray CT scanners. 

2D OAT has proven to be a highly sensitive method however, the geometry of such 
transducers requires translation of the object to generate 3D images. By using a geometrically 
different array e.g. one that is 3D in nature like the hemispherical transducer (cup) shown in 
Figure. 1.9 B), allows images to be recreated in 3D from a single laser pulse.[62] This 
transducer geometry has achieved real time (video rate) imaging in 3D.[63] Whilst similar 
transducer geometries have been present for US imaging, their application to OAT has been 
limited by the lack of a laser capable of delivering laser pulses at sufficient rates.[64, 65] 
Recently developed lasers capable of meeting these criteria have catalyzed the adoption of 
these transducers to OAT.   

The transducer array used in this dissertation (see Figure. 1.9 B) is comprised of 512 
US point transducers embedded along a hemispherical cup with 140° angular coverage and 
with a central frequency of 5 MHz.[66-68] The laser light used for excitation was delivered via 
an optical fiber through a central aperture and the generated US is detected along the 
hemispherical surface.[66] As the US wave will reach each individual transducer element at 
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different times with varying intensities,  back projection (BP) algorithms can be used to 
calculate their location of origin (reconstruction).[69] BP algorithms are not computationally 
demanding and can provide robust data representations of detected US signals.[70] 
Combining the hemispherical transducer used in this work and implementing BP  
reconstruction algorithms on graphics processing units (GPUs) has enabled real time 3D 
imaging.[71, 72] More recent advancements have even enabled 3D imaging at volumetric rates 
up to 1.6 KHz at a single wavelength.[73] This transducer has previously been shown to be 
capable of imaging scattering tissues such as the murine heart over a large field of view.[74] 
However, BP reconstructions are prone to artefacts such as streaks, negative values in the 
reconstruction and generally hinder quantification.[70] Model based (MB) algorithms overcome 
the limits of BP approaches by minimizing the error between detected signals and predicted 
signals from optoacoustic propagation models. In general, MB methods are slower to compute 
than BP methods but are more suited for quantitative approaches.[70] Numerous approaches 
are being employed to reduce the time taken for MB methods such as GPU 
implementation.[75, 76]  

When comparing OAT to fluorescence, US and other imaging modalities, its 
spectroscopic ability i.e. multispectral imaging and biomarker unmixing is one of its greatest 
strengths.[47] This was of huge advantage for this dissertation, enabling the spectral unmixing 
of oxygenated, deoxygenated and total hemoglobin (HbO, HbR & HbT) to image hemodynamic 
activity in Chapter 4 along with a selection of optimum wavelengths for imaging various 
chromophores.[27] By combining all OAT components, 3D imaging, video rates and 
multispectral imaging, it is now possible to image in 5D over FOVs and rates which are far 
superior to comparable techniques.[77, 78] The process of imaging with 5D OAT is 
summarized in Figure 1.10. Currently, 5D imaging can be carried out at 100Hz using either the 
visible or NIR spectrum of light for excitation with the system shown in Figure 1.9 B). However, 
its application to imaging electrophysiology in scattering tissues is yet to be fully realized, 
especially in murine tissues. In addition, the spatial resolution achievable with the method is in 
the order of ~150 μm isotropically i.e. the resolution is even across all axes, with a FOV of 1 
cm3.[66] The system is capable of spectrally unmixing exogenous contrast agents, including 
fluorescent ones.[27]  This is particularly applicable at wavelengths above 650 nm where the 
endogenous contrast from hemoglobin is reduced.[43, 60, 63] The high spatiotemporal 
resolution, which can be carried out across an entire mouse organ such as the brain or heart 
and 5D imaging position this OAT system as an excellent candidate to image electrophysiology 
in highly scattering tissues. Achieving this would surpass the current limitations seen in US 
and fluorescence imaging, combining the strengths of both. The next chapter will outline 
electrophysiology, current attempts to image it directly or indirectly as well as how 5D OAT in 
the form of functional optoacoustic neuro-tomography (FONT) can image electrophysiology 
from genetically encoded proteins like those used in fluorescence imaging. 
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Figure 1.10 5D OAT. The process of generating US waves from an object with multispectral 
excitation and OAT along with the components which make up 5D OAT.  
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1.3  Neuroimaging 
Neuroimaging is a main stay of both basic research in neuroscience and applied 

research in the medical field.[1] It has a range of applications from rudimentary imaging of 
rapid action potentials in cells on the order of milliseconds to observing long term processes 
like hemodynamic activity, on the order of tens of seconds to minutes.[2-4] Ultimately, all 
neuroimaging aims to further understand the brain. As neurodegenerative diseases are 
increasingly becoming more prevalent and debilitating in older populations, further insights into 
the brain are of huge importance.[5] A basic understanding of the brain and how it works as a 
whole rather than in small sections is hugely lacking.[6] Developing a tool capable of doing so 
in real time and across the entirety of a brain (especially for mice) would significantly progress 
neuroscience research.[6] In this chapter electrophysiology will be briefly introduced, which in 
this case means the communication of the brain and the current neuroimaging approaches 
that are used to image electrophysiological activity. Finally, the shortcomings of current 
applications will be noted and how FONT may provide a solution to these problems.  

Electrophysiology is the process of recording or generating an electrical potential or 
impulse in cells or tissues.[7] It is an integral part of neuroscience and basic research. 
Electrophysiology elucidates how cells function, how communication in the brain is carried out 
and how well a heart is beating.[7, 8] Currently, the basic functions of single neurons are well 
understood.[9] A neuron receives input from various other neurons it is connected to. Based 
on the sum of these inputs and various factors it is able to relay the signal to the next neuron(s) 
it is connected to. This is achieved via electrical (voltage) potential across the cell membrane 
of the neuron as it travels across the cell like a wave carrying the signal (electrical or chemical 
relays) to the next cell, as shown in Figure 1.11.[9] These signals form the building blocks of 
complex neuroanatomical structures such as the human brain, yet much is still not understood 
about this organ and billions have been spent on elucidating brain function as a whole.[6] 
However, it is known that neuronal communication is a metabolically intensive process 
requiring a ready supply of oxygen, nutrients and glucose where 2% of body mass consumes 
almost 20% of body energy.[10] For decades, neuroscience has relied on simplifying the model 
of the brain to single cells, in vivo work in mice and monkeys and more recently in 
organoids.[11-13] Currently, there are a myriad of ways to detect direct and indirect forms of 
electrophysiology. However, imaging is coming to the forefront in terms of speed, resolution 
and FOV with advancements in detection and genetically encoded calcium and voltage 
indicators (GECIs & GEVIs).[1, 12, 14, 15] Despite this, there remains a need for improved 
imaging speed across a FOV as large as the entire mouse brain (cm3) which, will likely be 
achieved by improved GECIs & GEVIs and new imaging modalities.[5, 6]  

One of the first methods for detecting electrophysiology was carried out via rudimentary 
setups on single neurons connected to muscles.[16] Electrical shocks were applied to neurons 
and the attached muscle twitched or moved in response. Further experiments on squid axons 
led to deeper insights to the function of neurons.[17] It was determined that higher potassium 
and anion concentrations were present inside the cell in contrast to higher sodium and chloride 
concentrations outside the cell. This concentration gradient allows neurons to build up a resting 
state negative charge across the cell membrane (resting potential). Depolarization of the 
neurons begins by an electrical impulse causing a voltage gated sodium ion channel (Nav) to 
open with sodium entering the cell. The potential across the membrane then increases and 
above a certain threshold will cause the cell to depolarize. This results in an electrical wave 
propagating along the cell membrane (action potential).[7, 18]  
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Whilst synapses can be electrical (ion-based communication), the majority are 
chemical (neurotransmitter based). Synapses can be divided into three main components, the 
presynaptic terminal which is the section of the neurons membrane at the synapse 
(neurotransmitter releasing neuron), the synaptic cleft (extracellular space between neurons, 
~40 nm for chemical synapses) and the post synaptic terminal which is the section of the 
membrane from the receiving neuron (opposite side of the synaptic cleft).[9, 19] An example 
synapse is outlined in Figure. 1.11. The action potential in a presynaptic neuron results in the 
opening of voltage gated calcium channels, resulting in the rapid influx of Ca2+ ions from the 
extracellular matrix into neuron.[20] The Ca2+ ions then facilitate the binding of vesicles 
containing neurotransmitters such as dopamine to the presynaptic terminal where they are 
then released across the synaptic cleft. These neurotransmitters such as dopamine or gamma-
Aminobutyric acid (GABA), will bind to receptors along the membrane of the post synaptic 
neuron. In turn the receptors cause ion channels to open and positively charged ions will flow 
into the post synaptic neuron, causing the membrane to depolarize and triggering an action 
potential. Calcium ions (Ca2+) are essential for this neurotransmitter release.[21]  

 

Figure 1.11 The synaptic cleft during activation between neurons with the 
electrophysiological profile of a recorded action potential along the membrane. 
Neuronal activation stimulates the influx of Ca2+ ions into the presynaptic neuron via the 
opening of voltage gated calcium channels. The Ca2+ ions then bind to vesicles loaded with 
neurotransmitters facilitating them to bind to presynaptic terminal and release numerous 
neurotransmitters (e.g. GABA) into the synaptic cleft. The neurotransmitters then bind to 
receptive ion channels along membrane of the postsynaptic neuron (postsynaptic terminal). 
This causes the ion channels to open, prompting an influx of positively charged ions, 
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depolarizing the membrane of the postsynaptic neuron. An action potential across the neuronal 
membrane, which is the key component of neuronal communication, is briefly described on the 
top right including resting state and sub threshold events. Created with BioRender.com. 

Electrophysiological readings (detecting the voltage change during action potentials on 
the membrane using an electrode) are commonly performed using a technique known as patch 
clamping. Patch clamping requires the use of small glass pipettes, connected to suitable 
recording equipment that are attached to the membrane of the cell and is often carried out 
under a microscope.[22] Due to its direct physical attachment to the neuronal membrane, patch 
clamping can read highly sensitive information from a single or groups of neurons (field 
potential) and is the current gold standard in electrophysiology.[23-25] The achieved temporal 
resolution of electrophysiology is as fast as the neuronal communication itself (1-2 KHz), but 
the assessed population of neurons is only a fraction of a percent of all neurons in the brain. 
Due to its high spatial resolution and need for direct contact with neurons of interest, the 
method is highly effective and suited to recordings from single neurons, dendritic spines, and 
small neuronal populations. However, due to its highly invasive nature (electrodes must be 
inserted into the brain for in vivo studies) it struggles to achieve truly large scale recordings.[26]  

More recent developments have tried to achieve large scale electrophysiology by 
developing needle arrays covered in electrodes which can be inserted into the mouse brain 
with little to no adverse effects.[27] Certain variants, such as graphene based electrodes, can 
record action potentials from multiple neurons across all layers of the cortex.[28] Nevertheless, 
these methods of array insertion remain highly invasive and have not yet achieved highly 
coveted whole-brain recording.[7] Whole brain (large-scale) electrophysiological recordings 
are now a necessary step for further understanding of brain function.[6] Non-invasive 
techniques like electroencephalogram (EEG) caps are carried out by placing a “helmet” like 
device containing numerous electrodes on the heads of subjects and can be used in mice and 
humans.[29, 30] These methods have the ability to record electrophysiological signals from 
much larger areas, such as the entire cortex.[29] However, recordings from such large areas 
causes a reduction in spatial resolution and in some cases (in mice) still requires invasive 
surgery for device attachment.[31] Advanced methods can enable more precise 3D mapping 
but these require reference MRI images.[32] As a result there is high demand for a modality 
which is sensitive to electrophysiological signals over a large scale, ideally the entire mouse 
brain. 

The most common method of large-scale brain imaging is functional magnetic 
resonance imaging (fMRI).[33] MRI functions by exposing protons to a high magnetic field. 
Protons are subatomic particles which spin and have a small magnetic potential with hydrogen 
(the nucleus of which is a single proton and is highly present in water i.e. tissues), being the 
main agent used to image with MRI.[34] The high magnetic field causes all the protons to align 
along an axis and once aligned, a radiofrequency (RF) pulse is used to push the protons to 
spin at an axis 90° or 180° from the magnetic field. The RF is then stopped, the protons realign 
to the magnetic field and in doing so, release EM energy.[34] This EM energy is then detected 
by the MRI machine with different tissues releasing energy at different rates that the MRI can 
distinguish producing anatomical images.[34] fMRI uses blood as an agent to determine 
metabolism in a tissue and thus provides anatomical and functional imaging, especially in the 
brain.[33]  

fMRI relies on the fact that HbO has weak paramagnetic potential but HbR has strong 
paramagnetic potential i.e. HbR produces far more magnetic signal than HbO does when 
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exposed to a magnetic field like that in MRI.[35] When a neuron or region of a brain is active, 
it consumes a large amount of oxygen and thus an increase of HbO occurs at the site of 
activation reducing HbR.[36] As a result, the decrease in HbO corresponds to a decrease in 
detected fMRI signal in that area.[36] Imaging hemodynamic activity in this form is known as 
the blood oxygenation level dependent (BOLD) response, which is in fact an inverted response 
to an increase in activity. BOLD fMRI is widely practiced in humans and mice to non-invasively 
map brain (neuronal electrophysiology) activity.[36-38] Although the BOLD response has been 
widely adapted, it is an indirect measure of electrophysiological activity which in truth only 
shows an increase in metabolic activity in the area.[39] It cannot conclusively be said that the 
BOLD response images solely neuronal (electrophysiological) activity as other cells (e.g. glial 
cells which provide nutrients to neurons) in the region may undergo increased metabolic 
activity.  

Whilst it is assumed that neuronal synaptic activity consumes 85% of glucose 
consumption in the brain it is not currently possible to separate the metabolic activity of one 
cell type from the other in the brain with fMRI and the reliability of the BOLD signal has been 
the subject of wide debate.[40-42] fMRI has the ability to image the brain non-invasively but it 
has significant challenges, especially in small animal imaging.[43] The spatial resolution of 
fMRI (on the order of mm’s) is low in comparison to fluorescence methods (on the order of 
microns) and is further amplified when imaging small animals like mice where the brain is an 
order of magnitude smaller than that of humans.[44, 45] Both the spatial and the temporal 
resolution of fMRI leaves a uncertainty with devices achieving 1 Hz rates across their FOVs. 
Recent developments have achieved sub-second acquisitions with voxel (volumetric/3D 
pixels) sizes of 1.5 mm3.[46]  

Optical imaging (OI) is one method that can overcome many of the limitations seen in 
fMRI and classic electrophysiology. OI has the advantage of being able to detect both 
hemodynamic signals (e.g. diffuse optical tomography - DOT) and direct electrophysiological 
changes with both fluorescent GECIs and GEVIs and suitable voltage and calcium sensitive 
dyes.[47-51] OI of fluorescent changes from calcium and voltage transients (GECIs and 
GEVIs) has given many insights into neuronal communication within the brain.[52] These 
insights include connecting animal behavior with neuronal activity, somatosensory and 
olfactory responses as well as awake mouse imaging.[53-57] Developments in high speed 
cameras can easily achieve 1-2 KHz temporal resolution with advancements in optics allowing 
varying degrees of spatial resolution, including dendrites on single cells and wide field brain 
imaging.[3] Two and three photon imaging methods even allow for 3D imaging to be achieved 
at varying depths across the cortex and in some cases, reaching the hippocampus.[58-60]  

However, there are numerous drawbacks to OI. The most obvious issues include 
achievable depth (approx. 1mm) and the invasive nature of the method.[61] Methods like two 
and three photon imaging require removal of the scalp and additional steps like skull thinning, 
skull clearing or the implantation of a glass cover slip (craniotomy).[62-64] This ensures 
matching of the refractive indices of the tissue with the optics and allows for repeated 
measurements.[65] Optical imaging tends to cover two regimes, such as high resolution 
imaging across a small FOV (portion of the cortex) or low resolution macro imaging across a 
large FOV with high temporal resolution. There are consistent tradeoffs between FOV, speed 
and spatial resolution and no one method is capable of delivering sufficient results in all three. 
Macro imaging, that is not capable of optical sectioning has the added disadvantage that 
signals are recorded from all depths and as a result, a maximum intensity image (MIP) is 
produced of all activity. This means that the origin of signals cannot be determined, and it 
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remains unknown if a neuron fired in the cortex or hippocampus. For “deep” two photon 
imaging, an endoscope setup is often used. This is  highly invasive and requires the removal 
or displacement of brain tissue.[66]  

Advancements in OI setups have resulted in countless discoveries regarding brain 
function. Many of these discoveries in modern day neuroimaging were achieved thanks to the 
development of GECIs, GEVIs and glutamate sensors along with voltage and calcium sensitive 
dyes.[12, 51, 67-70] The most common of these are GECIs because of their high sensitivity, 
quick response times and transgenic lines. Many of these are possible thanks to the ground 
breaking work of Tsien.[71, 72] Tsien and his team discovered that calcium sensors could be 
inserted into a fluorescent protein (GFP) to detect cytosolic calcium changes.[73] The 
fluorescent proteins are predominantly derived from aqueous organisms like jelly fish and 
anemones.[74, 75] Dyes (e.g. Fura2) capable of detecting calcium and voltage have been used 
for decades but these are considered a brute force approach with loading, dispersion and 
toxicity causing numerous problems.[51, 76, 77] Dye imaging is further complicated by the 
need for intracranial loading, meaning dyes must be loaded through the skull before an 
experiment or require opening of the blood brain barrier (BBB).[78, 79]  

In comparison to dyes, genetically encoded indicators are more reliable, are made by 
the cell itself and can be targeted to specific sub population of neurons such as inhibitory or 
excitatory neurons.[80, 81] Consequently, researchers can establish lines of transgenic 
animals that can be used for experiment replications. The process in which GECIs work is now 
well established but took years to develop, with green calmodulin protein (GCaMP) emerging 
as the most successful of these.[48, 82] The GCaMP protein works so that a calmodulin (CaM) 
group, sensitive to calcium is coupled to a GFP molecule.[83] The expression of the GCaMP 
is designed to be present in the cytoplasm of the cell, where the influx and efflux of calcium 
during neuronal activity can be readily detected as per Figure 1.12. Without calcium, the protein 
exists in a poorly light absorbent and therefore poorly fluorescence state. Upon binding of the 
calcium, the calmodulin group (hinge-like, sometimes replaced by troponin C) undergoes a 
conformational change and binds to a target peptide such as M13 or RS20.[84, 85] This 
peptide then restores the absorption of the circularly permuted GFP protein and therefore 
results in increased fluorescence. Many GCaMP have increased fluorescence by using 
circularly permuted enhanced GFP (cpEGFP).[86] Circularly permuted versions of GFP enable 
the insertion of calcium sensitive domains close to the chromophore whilst retaining and 
sometimes enhancing the folding properties of the protein i.e. it is easier for the protein to form 
in the cell, the protein remains stable and retains its desired optical properties.[87] In the case 
of GCaMP the fluorescent modulation of GFP is achieved via M13 or RS20 which in turn are 
dependent upon the Ca2+ binding of CaM. This directly relates the fluorescence to cellular 
calcium changes enabling the visualization of cellular activity on a micro-, meso- and 
macroscopic scale.[73, 86-88]  

As previously mentioned, and shown in Figure 1.11, calcium is one of the main 
neurotransmitters involved in neuronal communication (influx of calcium during activation) and 
is a direct method of imaging electrophysiology, albeit at a slightly reduced rate (onset times 
of 10 to 100ms vs 1ms for GEVIs).  It is important to note that more recent GCaMPs have 
dramatically increased the kinetics of the protein so that the fluorescent response matches the 
real time fluctuations of Ca2+ ions in the cell.[85, 89, 90] The binding mechanism of calcium to 
Calmodulin and the rapid change in cellular calcium concentration (increases of nano to micro 
molar) enables detected signals to be amplified.[91] This feature of the GCaMP series has 
enabled high delta values (signal change over baseline activity) with newer versions like 
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GCaMP6 achieving delta changes of 100s of % in single neurons during activation in 
comparison to 10s of % in older versions such as GCaMP3.[82]  

 

Figure 1.12 The cellular location and fluorescent function of the GECI; GCaMP and GEVI; 
Butterfly 1.2. Action potentials trigger the opening of voltage gated calcium channels, 
prompting an influx of Ca2+ ions increasing intracellular Ca2+ levels from nano to micro molar 
levels. Calmodulin (CaM) binds this calcium altering the location of residues M13 or RS20. 
This location change alters the cpGFP molecule increasing its fluorescence. In this way 
neuronal electrophysiological activity can be visualized with fluorescence. In the case of 
Butterfly 1.2 the voltage change on the membrane also causes a structural change. Upon 
activation the voltage sensitive protein (VSP) embedded within the membrane decreases the 
distance between two fluorescent proteins yellow fluorescent protein (YFP) and red fluorescent 
protein (RFP). This enables increased efficiency in Forster resonance energy transfer (FRET) 
between the proteins with YFP donating energy to the RFP. The YFP protein undergoes a dip 
in recorded fluorescence with the RFP protein undergoing an increase in fluorescence. The 
ratio between the two proteins can then be determined visualizing the electrophysiology of the 
neuron. Created with Biorender.com.  

GEVIs have enabled accurate and repetitive electrophysiology imaging.[2] These 
voltage sensitive proteins are targeted to embed in the membrane of the cell where voltage 
changes are most prevalent.[15, 89] Their fluorescent or absorption changes in response to 
the voltage change across the membrane and are a more accurate indicator of 
electrophysiological activity than GECIs.[92] There are inherent delays involved in Ca2+ 

imaging as Ca2+ needs to flow into the cell which voltage imaging is not reliant on, resulting in 
GECIs sometimes misreporting rapid consecutive neuronal activations.[93] GEVIs are 
predominantly based on voltage sensing domains (VSD) in the form of a voltage sensitive 
protein (VSP). VSPs are predominantly rhodopsins and chemogenetic structures and have 
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undergone rapid development as a result of protein engineering and high throughput 
screening.[2, 89, 94, 95] The consequent  fluorescence changes tend to be lower than those 
seen in calcium sensors, with deltas on the order of 1 to 100% in single cell recordings, 
especially for Förster resonance energy transfer (FRET) based proteins such as Butterfly 1.2, 
see Figure 1.12.[49] More recent advancements have led to the development of GEVIs like 
Archon1, with delta values in the range of 100% with onset times of ~1ms.[89] GEVIs 
essentially react as quickly as the neuronal communication itself.[89, 96] In many cases, 
voltage imaging across the whole brain is often seen as a pinnacle of neuroimaging. Achieving 
this would enable research to peer into the brain in real time and observe behavioral processes 
and changes as they happen.[95] However, many of the GEVIs need further development with 
GECIs having superior delta changes due to the influx of Ca2+ ions during neuronal activation. 
Furthermore, GEVIs often do not function for two and three photon imaging and are coupled 
to the same fluorescent molecules like GFP.[95] 

As discussed in the previous section, OAT has the capability to image fluorescent 
proteins, especially those which absorb in the NIR and IR range of the light spectrum. 
Additionally, it can take advantage of endogenous contrast to image hemodynamic activity. 
However, this endogenous contrast is one of the main issues for imaging fluorescent GECIs, 
GEVIs and voltage/calcium sensitive dyes with FONT. The majority have an absorption profile 
lying within the visible spectrum of light (400 – 700 nm), where the background absorption of 
tissues can mask the signal derived from the functional protein/dye.[95] In addition, nearly all 
indicators have been designed for fluorescence (optical) imaging which may reduce their 
FONT potential.[85, 89] Interestingly, many of the proteins developed may have been perfect 
FONT indicators in their first iterations, showing an absorption change in response to their 
sensing domain with minor fluorescence. The ideal indicator for voltage or calcium imaging 
with FONT would be one that is good at absorbing light (ideally in the NIR region) and 
converting it to heat. In many cases this would mean developing GECIs and GEVIs that are 
not based on GFP as it currently exists but rather a NIR absorbing version or new candidate 
fluorescent protein. A suitable GECI or GEVI for FONT would also need to act as a poor 
fluorescent agent (bad at converting light to light), undergo strong absorption changes during 
neuronal activation and be genetically encoded. Many dyes have shown promise for 
electrophysiological imaging with FONT, but problems surrounding their loading, distribution 
and toxicity do not make them suitable for repetitive and repeatable imaging.[77, 79, 97, 98]  

The next chapters will center around the investigation and application of an 5D OAT 
system optimized for FONT and the neuroimaging of genetically encoded electrophysiological 
indicators at Prof. Razanskys group at IBMI, home of the chair for Biological and Medical 
Imaging at TUM. This will revolve around determining whether the system can image an entire 
ex vivo murine brain via uniform illumination to provide large scale imaging; how the system 
can be used to detect the GECI GCaMP6s/f activity; imaging hemodynamic activity with the 
system; the in vivo detection of GCaMP6s/f; and the further testing of two proteins for their 
suitability for FONT.[99-101] The first is a GEVI known as Butterfly 1.2 (absorbing in the visible 
range) and the second is a GECI NIR-GECO1, the first NIR GECI of its kind.[15, 102] The 
testing of the proteins is outlined along with the reasons why they are not currently suitable for 
in vivo FONT and what steps should be taken to realize this. 
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2. Uniform light delivery in volumetric optoacoustic 
tomography 

2.1 Summary and author contribution 
This work presents a rapidly prototyped fuse deposition modelling based solution to provide 
uniform illumination for volumetric optoacoustic tomography. Light delivery in OAT is an 
essential component for both accurate image reconstruction and quantification. The majority 
of OAT setups do not correctly account for the illumination profile and thus acquire 
suboptimal results. This often results in a reduced field of view as in the case of the detector 
here where only half of the volume was correctly illuminated. My idea was that by combining 
3D printing and ray simulation the optimal location of optical fibers could be achieved to 
enable illuminating the entire FOV of the transducer. The main challenge with this project 
was to effectively seal a hollow plastic printed chamber to make it waterproof whilst also 
ensuring is strength to accurately hold both the transducer and fibers in place. Numerous 
prototypes could be quickly trialed and improved upon leading to an experimental setup that 
doubled the effective field of view of the setup. The illumination profile was in good 
agreement with simulated data for uniform illumination and allowed single laser pulse 
acquisitions of the murine heart and brain. This provided high resolution anatomical images 
of both organs.  

This work combined 3D design and printing, ex vivo animal imaging work, understanding the 
fundamental limitations of OAT and provides a solution for uniform illumination for volumetric 
OAT. The developed system provided an easy-to-use platform that found uses in functional 
brain and heart imaging and highlights the importance of correct sample illumination in OAT. 

My contribution to the presented manuscript was the following:  

Conception and design: The setup and experiment were designed by Prof. Razansky, Dr. 
Rebling and I.  

Development of methodology: The implementation, printing, sealing and testing of the 
setup was carried out by Dr. Rebling and I.  

Acquisition of data: I performed the imaging, reconstruction and analysis of the data.  
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Additional supporting information may be found in the online version of this article at the 
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Figure S1 Simulation results showing the optimum location for 7 fibers located around 
the detector evenly illuminating a 1cm diameter sphere. (a) Fiber arrangement for achieving 
an even illumination across the sphere. (b) Close up view of the spherical object showing light 
intensity distribution on its surface.
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Figure S2 Technical CAD drawing of the sample chamber, including fiber illumination 
angles and the holders. The fiber within the detector was utilised for single sided illumination. 
CAD files available online at https://bit.ly/2zelv8J. 
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Figure S3 Gross anatomical images of an excised heart and brain. a) to c) Varying 

orientations of the organs and the labelled structures. RAu: Right Auricle, LAu: Left 

Auricle, RA: Right Atrium, LA: Left Atrium, RV: Right Ventricle, LV: Left Ventricle, Ap: 

Apex, VC: Vena Cava, PA: Pulmonary Artery, AO: Aorta, CB: Cerebellum, CS: 

Confluence of sinuses, RC: Right Cortex, LC: Left Cortex, SSS: Location of Superior 

Sagittal Sinus (removed during extraction), Ob: Olfactory bulbs.   
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Figure S4 Characterization of the spatial resolution of the system. (a) Position of a point 
of the field of view in a cylindrical coordinate system positioned at the centre of the spherical 
array. (b-g) Mean square difference between the measured full width half maximum (FWHM) 
of a microsphere and its diameter (~90 microns) along the directions of the cylindrical unit 
vectors shown in (a) as a function of the radial and axial coordinates. The measured values 
barely change with the angular position due to the axial symmetry of the array. Note that the 
measured FWHM may be affected by negative values in the images associated to limited view 
effects, particularly along the z direction, so that the actual resolution can be slightly lower.  
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Optical fibers  Multimode, step-index (FT600EMT, Thorlabs, USA)  
Number of fibers 7 

Fiber core/cladding/coating 
diameter 600 / 630 / 1040 µm 

Fiber/Bundle NA 0.39 
Bundle aperture diameter 1040 µm 

Bend radius (short/long term) 30 mm / 60 mm 
Single fiber protection  Reinforced PVC/Kevlar/PP jacket (FT020, Thorlabs, USA)  

Bundle length ~1.5 m 
Proximal end aperture 2 mm 

Proximal end termination SMA905 (11580A, Thorlabs, USA)  
Distal end termination Jacketed fiber with additional steel ferule protection 

Theoretical bundle transmission 64.32 % 
Wavelength range 400 - 2200 nm 

  
Table S1 Optical and mechanical specifications of the custom-made optical fiber bundle.  
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3. Monitoring of stimulus evoked murine somatosensory 
cortex hemodynamic activity with volumetric multi-
spectral optoacoustic tomography  

3.1 Summary and author contribution 
This work presents a method and image analysis pipeline for elucidating the hemodynamic 
response and recording the evoked signals using Functional optoacoustic neuro-
tomography. Electrical paw stimulation, a well-established method in neuroimaging, was 
employed based on a paradigm from fMRI. The strong contrast from hemoglobin positions 
FONT as an optimal method to observe functional hemodynamic changes in the brain in 
response to stimuli. However, these hemodynamic changes are subtle and often highly 
localized to a contralateral side to stimulation. Accurate recordings of such changes require 
the optimum selection of light wavelengths for unmixing and the correct physiological 
parameters for the mouse.  

This work provides a method to account for the variations that are inherent to FONT namely, 
laser fluctuations arising from cooling systems and pulse to pulse changes. By correcting for 
these changes and implementing a generalizable analysis regime hemodynamic changes 
were shown in the three major hemodynamic components (HbO, HbR & HbT). The changes 
were shown to be contralaterally weighted in some cases and positions FONT as a suitable 
replacement for fMRI and other optical methods achieving high spatiotemporal resolution 
across the mouse cortex, completely non-invasively. My idea of efficiently characterizing the 
sources of noise in the FONT system, accounting and correcting for them eased detection of 
hemodynamic changes. Furthermore, automating the unmixing and analysis methods further 
provided ease of detection with correlation mapping from select voxels highlighting the extent 
of activity across the cortex.  

This work combined laser alignment, in vivo animal imaging work, furthering the applications 
of FONT, optimizing experimental settings, MATLAB scripting and automation, investigative 
neuroscience. The developed methodology modified a protocol from fMRI studies to highlight 
the inherent advantages of FONT over conventional methods for neuroimaging.  

My contribution to the presented manuscript was the following:  

Conception and design: I designed the experiment along with Prof. Razansky and Ms. 
Hutter. 

Development of methodology: The methodology was outlined and refined by I and Ms. 
Hutter.   

Acquisition of data: I performed all mouse imaging. Data reconstruction & analysis was 
performed by both Magdalena Hutter and I.  
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4. A genetically encoded near-infrared fluorescent 
calcium ion indicator 
4.1 Summary and Author Contribution 
One of the current limitations for both purely optical based methods and optoacoustics is the 
inherent scattering and absorption of light within the visible spectrum (400 – 650nm). GFP, 
one of the main workhorses of fluorescence microscopy absorbs light at 488 nm where the 
effects of scattering and absorption are orders of magnitude higher than in the NIR range. 
Due to its success and established methods the majority of calcium and voltage genetically 
encoded indicators incorporate GFP or one of its derivatives and thus are limited to the 
visible spectrum of light. This poses further drawbacks in the acquisition of optogenetic data 
where actuators and sensors have high spectral overlap. As shown in previous work, OAT 
imaging at red and NIR wavelengths could allow non-invasive imaging of the entire mouse 
brain however no such indicator existed. Having established that GCaMP6s/f could be 
detected with FONT even in the presence of high hemoglobin background absorption, 
attempting similar experiments with an NIR GECI would be of high importance. This work 
outlines the development and testing of the first NIR GECI, NIR-GECO1. The protein 
undergoes a change in fluorescence (decrease) upon binding to Ca2+ (the opposite of 
GCaMP6). NIR-GECO1 absorbs light at 671nm and emits at 702 nm, within the NIR 
spectrum of light. Unfortunately, it did not provide a detectable response with FONT.  

This work provides a method for the development, transfection and in vivo testing of the first 
NIR GECO. Detection of the protein required the development of a sensitive macro scale 
fluorescent setup for imaging the entire mouse head and the use of a highly stable laser due 
to the low delta of the protein. NIR GECO1 requires biliverdin as a co-factor in order to 
fluoresce, unlike GFP which can be fully formed in a fluorescent state by mammalian cells. 
As a result, the majority of NIR-GECO1 expressed in vivo is non-fluorescent and bleaches at 
a much faster rate than GFP. Additionally, as NIR-GECO1 is in its first iteration compared to 
GCaMP6s/f which has undergone decades of improvement, it is ~1 order of magnitude less 
sensitive when directly compared. Successful mesoscale detection of NIR-GECO1 with 
fluorescence required careful selection of viral injection into the S1HL region of the mouse 
cortex along with data processing to account for the rapid bleaching of the protein.  

This work combined laser alignment, in vivo animal imaging work, neurosurgery, optimization 
of NIR-GECO1 expression in vivo, optimizing experimental settings, MATLAB scripting and 
automation and investigative neuroscience. The developed methodology took account of 
current AAV transient expression methods and further optimized the paw stimulation pattern 
to get the maximum possible response out of the protein.  

My contribution to the presented manuscript was the following:  

Conception and design: I designed the in vivo mesoscale experiments along with Prof. 
Razansky and Dr. Gottschalk. 

Development of methodology: I outlined and refined the methodology. 

Acquisition of data: I performed all mouse imaging and injections with the assistance of Mr. 
Michael Reiss. I performed all mesoscale in vivo analysis.  
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5 Conclusion and Outlook  
 The goal of this dissertation was to volumetrically image large scale electrophysiology 
in scattering tissues with 5D OAT. Due to the optically scattering nature of the brain, it was 
determined that imaging neuronal communication within the mouse brain in real time would 
serve as an ideal model for this problem which, if successful would have large implications for 
brain imaging as a whole. 5D OAT when imaging the brain, is referred to as FONT, and 
currently serves the most applicable method for brain imaging in murine research. FONTs 
strengths allow it to bridge the gaps between high resolution small FOV microscopy and large 
FOV low resolution MRI.[1] The inherent advantages of optical contrast with the resolution and 
depth penetration of US provided by OAT were employed to advance neuroimaging with 
FONT. Initially, the ability of the FONT system to image an entire mouse brain ex vivo was 
investigated.  

In Chapter 2, a rapidly prototyped 3D printed chamber was designed and adapted to 
optimize the placement of fibers for a uniform illumination profile across the FOV of the 
system.[2] This showed that given the correct setup, FONT can readily image an entire murine 
brain and heart with a single laser pulse providing a wealth of anatomical information. The 
resolution of the system was proven to be isotropic at 150 μm across the entire FOV. Whilst 
used for ex vivo brain imaging, this system will likely have other robust imaging applications 
where uniform illumination is required e.g., Langendorff imaging or histology imaging.[3, 4] 
This system laid a strong foundation for scattering tissues imaging with sufficient resolution 
and FOV for whole-brain imaging. However, this was only suitable for anatomical imaging and 
the system’s ability to image functional responses needed to be investigated. Due to the limited 
access to the brains of mice, it may be worthwhile to develop a FONT system with integrated 
multiple fiber ports along the cup or a mouse head holder with integrated illumination points, 
in line with the suggestions made in Chapter 2.  

 

Figure 5.1 Schematic of the experimental setup and process. A) Adaptation of the system 
outlined in chapter 2 for the successful perfusion of the brain along with simultaneous recording 
of fluorescence and OAT data. B) The GCaMP6f OAT spectrum of the calcium free and 
calcium bound forms of the protein. Image adapted from [5], © Springer Nature, 2019. 
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A similar FONT system to that used in this work had shown promise in imaging 
GCaMP5g in zebrafish.[6] Considering the development of GCaMP6 since then, it was decided 
to use the transgenic GCaMP6f line for testing.[6] GCaMP6f enables the direct monitoring of 
electrophysiological activity via calcium activity, one of the main components of neuronal 
signaling.[7] To ensure the sensitivity of FONT, isolated GCaMP6f protein both calcium bound 
and calcium free was imaged with a clear difference in the detected FONT response between 
both states, as shown in Figure 5.1. The system developed in Chapter 2 was further modified 
with pumps to provide ACSF to sustain an extracted mouse brain. The brain remained 
functional for a period of time long enough to stimulate activity via PTZ. Brains from transgenic 
mice expressing GCaMP6f were extracted and shown to be viable over enough time to carry 
out the experiment. This is in many ways like a Langendorff setup but instead relies on passive 
superfusion. Elicited responses are shown in Figure 5.2, from a co-authored paper. Other work 
has extracted and sustained brains ex vivo for extended periods of time however, such 
methods used larger organisms than mice easing the required microsurgery on vessels.[8]  

 

Figure 5.2 Comparative responses in both fluorescence and FONT for all brains in 
response to PTZ injection. A) Wide field fluorescence of an isolated CD-1 mouse brain. B) 
Corresponding time traces of activity in the brain showing no fluorescence changes. C) 
GCaMP6f brain showing higher background fluorescence levels. D) Corresponding 
fluorescence traces showing no increase in activity following PBS injection. E) Fluorescent 
image of a GCaMP6f brain at 40s post injection of PTZ. F) Resulting time trace following PTZ 
injection with changes of up to 50%. G) Slice of the CD1 brain from 1 mm deep. H) The OAT 
time trace with no change following the injection. I) 1 mm slice from a GCaMP6f brain that was 
injected with PBS. J) Corresponding time trace from the PBS injected GCaMP6f brain with no 
activity following the injection. K) Increases in GCaMP6f activity can readily be seen at a slice 
1 mm deep within the brain (40s post injection of PTZ). L) Traces showing the direct increase 
of GCaMP6f activity in the FONT signals with responses up to 70%. Image adapted from [9], 
© Frontiers Media S.A, 2019. 

The chamber providing uniform illumination was slightly adapted and arranged for 
simultaneous fluorescence and FONT imaging. An epileptic inducing drug (PTZ) was used to 
induce GCaMP6f transients in isolated brains with the evoked GCaMP6f response being 
readily detected by FONT.[9] Injections of PBS in GCaMP6f brains or in PTZ in WT brains 
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showed no response. The detected responses were simultaneously validated using 
fluorescence confirming that FONT could detect GCaMP6f activity in an isolated hemoglobin 
free brain. Activity could be detected at up to 1 mm deep in 3D and across the entire brain- far 
surpassing current fluorescent techniques. Whilst robust, this stimulation technique is difficult 
to optimize with PTZ having an all or nothing response.[10] What would be of interest in the 
future would be to combine this technique with other more controllable methods for neuronal 
stimulation. This could include electrical stimulation via electrode replacement but the 
electrode would likely lead to imaging artefacts.[11] However, optogenetic stimulation could 
provide a more localized, controlled and improved method of stimulation especially as the laser 
used for FONT could simply be tuned to excite the actuator.[12, 13]  

 Isolated (ex vivo) brain imaging provided a suitable platform with reduced variables to 
conclusively detect GCaMP6f with FONT, enabling large scale electrophysiology in scattering 
tissues with FONT. Based on this, it was determined that electrophysiology imaging would be 
more achievable in vivo in brains as opposed to hearts due to the inherent lack of motion. 
Before testing the system in an in vivo setting, the capability of FONT was investigated to 
image stimulus evoked hemodynamic activity, an indirect measure of electrophysiology. This 
was done to understand the influence hemodynamic activity could have on any GCaMP6 
detected responses and possibly, how to eliminate or suppress them.[14] In comparison to 
MRI or fUS, FONT is capable of detecting all three hemodynamic components (HbR, HbO and 
HbT) and at a scale and depth surpassing optical imaging like DOT. Careful selection of the 
illumination wavelengths based on the molar extinction coefficient of hemoglobin ensured the 
multispectral (5D) unmixing of all components, which could then be individually monitored 
across the somatosensory cortex.[15, 16] A paw stimulation paradigm commonly used in fMRI 
along with suitable anesthesia settings readily evoked the hemodynamic response in four 
mice. The response was correlated to the hind-paw region of the somatosensory cortex.[16, 
17] This was shown to be strongest on the contralateral side of the brain with the presence of 
an initial-dip in the hind-paw region. The initial-dip has and continues to be a contentious issue 
in neuroimaging, likely due to the fact that no other modality can image it in the same way 
FONT can.[18] As expected, the response (but no initial-dip) was also present in all other 
regions of the cortex but at a reduced or minimal level. Numerous components from the traces 
were analyzed with the peak percentage change showing the most significant difference over 
all other regions. HbR (the only component seen by fMRI) showed minimum specificity, 
highlighting the capabilities of FONT over comparable imaging methods.  

 Having shown the strength of FONT over current imaging methods for hemodynamic 
imaging, the ability of FONT to image GCaMP6f responses in vivo was investigated. For this, 
the same transgenic line that had shown success in the isolated brain experiments was 
used.[19] The experimental settings (especially the paw stimulation paradigm) to elicit the 
hemodynamic response in FONT imaging were determined. The evoked responses are shown 
in Figure 5.3. Based on the knowledge from the hemodynamic experiments a paw stimulation 
paradigm was developed to ensure that a minimal hemodynamic response was evoked whilst 
preserving the GCaMP6f response. Due to the physical constraints of the FONT system when 
used for in vivo imaging, FONT and fluorescence imaging were carried out sequentially. The 
evoked GCaMP6f responses were mapped in 3D in vivo using the current FONT system, 
successfully overcoming the high background hemoglobin absorption and the scattering of 
light problems faced by fluorescence.[5] Activity was detected at up to 1.5 mm deep, 
completely non-invasively surpassing current possibilities with fluorescence imaging and 
achieving direct electrophysiological imaging in a highly scattering tissue in vivo. The kinetics 
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of the protein were in line with fluorescent responses and in some cases, FONT detected a 
stronger response than those seen with fluorescence.[5, 9] This can be attributed to the fact 
that fluorescence imaging only detects a spatially averaged (across the Z axis) response but 
FONT can locate the responses in 3D. Additionally, FONT can differentiate between both forms 
of GCaMP6 (s and f) highlighting its sensitivity and spatiotemporal resolution. 

 

Figure 5.3 Non-invasive in vivo imaging of electrical paw stimulus (somatosensory) 
evoked transients in the GCaMP6f-brain A) Temporal in vivo maps of GCaMP6f 
fluorescence signals (∆F/F) in response to the electrical stimulus at t=0 (right hindpaw). 
Functional regions of the cortex are highlighted (dashed white lines). B) Temporal 4D FONT 
in vivo maps (∆OA/OA) of elicited responses to the same stimulus at t=0. Transverse slices of 
the entire brain activity at depths of up to 1.5 mm (from the brain surface) are shown. Functional 
regions of the cortex are highlighted (dashed white lines). C) Illustration outlining the electrical 
paw stimulation paradigm to elicit in vivo responses. At 20 s intervals a single 50 ms stimulus 
of 0.5 mA was applied (top panel). Below, comparative single-voxel FONT (blue, 25 Hz) and 
single-pixel fluorescence (green, 6.25 Hz) GCaMP6f traces are shown. τrise is defined as the 
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time between the 20th and 80th percentile of the maximum FONT signal. D) FONT voxel signals 
increase versus fluorescence pixel signals increases for set points within the red region in A) 
at 160, 320 and 640 ms. FONT signal increases were calculated from the MIP of all slices. The 
best fit (dashed line) was calculated using a least square method with m representing its slope 
and R2 representing the coefficient of determination. E) Fluorescence signal traces (∆F/F) from 
three separate pixels post paw stimulation. Pixels were located within the contra- and ipsilateral 
primary somatosensory cortex (1 and 2) and the SSS (3). F) FONT signal traces (∆OA/OA) 
from three separate voxels post paw stimulation within the contra- and ipsilateral primary 
somatosensory cortex and outside major vessels (1 and 2, ~1 mm deep) and the SSS (3). G) 
FONT signal traces (∆OA/OA) post paw stimulation in GCaMP6f negative (wild type) mice for 
single voxels located similarly to those in in F). All traces underwent background subtraction 
and normalization and represent n = 4 independent experiments in n = 3 biologically 
independent animals for all panels. Image reproduced from [5], © Springer Nature. 

The success of imaging globally expressed GCaMP6s/f with the FONT setup raised 
the question of the in vivo sensitivity of FONT. Therefore, to further test the sensitivity of FONT, 
sparsely labelled GCaMP6 mice were imaged using a slightly different FONT system (7 MHz 
as opposed to 5 MHz) at Prof. Shy Shoham’s lab at NYU. Having helped to set up the system, 
it was tested and as expected it was found to have similar sensitivity and resolution (150 μm) 
to the 5 MHz FONT system in Munich. The original GCaMP6 detection was achieved with the 
Thy-1 promoter transgenic line, which generically express GCaMP across all excitatory 
neurons across the somatosensory cortex.[19] Sparsely labelled transgenic mice that only 
expressed GCaMP6 in either parvalbumin or somatostatin expressing interneurons were 
imaged with this system, representing an approximate 90% reduction in spatial expression. 
The system could detect sparsely labelled neuronal calcium activity from both GCaMP6s/f as 
shown in Figure 5.4. The delta was increased to levels like that seen in the isolated brain 
responses.  This was attributed to the age at which these mice were imaged, the removal of 
the scalp and the increased expression levels driven by this genetic line (like that of viral 
expression). Responsive voxels and their kinetics were detected at up to 1.5 mm in depth also 
in line with the Thy-1 mice. The developed automated analysis with thresholding applied to 
every voxel accelerates the analysis process. Masking ensures that only responsive voxels 
remain. This also serves to remove the non-responsive vasculature from the images. The 
automated analysis used here will be useful for future FONT applications, where the analysis 
can be tweaked for proteins of differing kinetics. It is also greatly beneficial when analyzing 
sparsely labelled samples, where manual searching through the data would take significantly 
longer and is more prone to human error.  
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Figure 5.4 Representative images of evoked responses in sparsely labelled GCaMP6f/s 
mice. A) Evoked response in PVB-GCaMP6f mice (n = 1 mouse, 977 responsive voxels). An 
upward spike of ~10% in activity is seen 0.61s after paw stimulation. B) Evoked response in 
an SST-GCaMP6s expressing mouse with a significant spike of almost ~50% after paw 
stimulation (n = 1 mouse, 1037 responsive voxels). In both cases grey lines represent single 
voxel responses from all 19 respective trials and the blue line represents the mean trace of all 
responsive voxels. C) MIPs of PVB-6f mouse post manual segmentation in 3D. The 
segmentation was guided by the layer of glue (ring) on the surface of the brain. D) MIPs and 
location of all responsive voxels in C) post automated masking. All 19 cycles have been 
averaged into a single cycle. E) Delta activation map of responsive voxels in D). Left, 1s before 
stimulation. Middle, 0.56s post stimulation (peak). Right, 4s post activation. 

The main limitation for FONT imaging is not a lack of sensitivity but rather a lack of an 
optimized sensor. There is a need for a GEVI that is suitable for FONT imaging and a GECI 
absorbing in the NIR spectrum. Two proteins of interest were tested to assess their potential 
for FONT imaging. The first was the GEVI Butterfly 1.2, a highly sensitive FRET based voltage 
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sensitive protein.[20] A high speed fluorescence camera was developed and used to test the 
approximate responses of the protein in vivo when imaged in a non-invasive manner. The 
fluorescence system could readily detect both mCitrine and mKate2 dynamics with ratiometric 
readings between both showing a response of 0.8% with a rise time of 40 ms, much faster 
than the responses seen from GECIs. The low delta changes of neither mCitrine nor mKate2 
(0.4 to 0.5 %) are not suitable for FONT and were not pursued. This is especially relevant since 
the absorption profile of Butterfly 1.2 is similar to GCaMP6, where hemoglobin absorption is a 
highly contributing factor.[20, 21] Although not published, the result from imaging the protein 
completely non-invasively are shown in Figure 5.5. These images were acquired with the high-
speed fluorescent system I helped establish in the lab.  

 

 

To overcome visible absorption, the first NIR GECI, NIR-GECO1 was virally expressed 
in mice and imaged using fluorescence. The protein showed initial promise as it absorbed at 
671 nm, a wavelength that could enable whole-brain non-invasive FONT. The OA spectrum of 
the Ca2+ bound and Ca2+ free form of the purified protein showed a similar trend to GCaMP6, 
as shown in Figure 5.6. As this was the first GECI of its kind and as it has been developed 
from a completely different organism (bacteria vs aquamarine animals), the kinetics; 
expression and sensitivity of the protein are not yet fully optimized. The protein requires 
biliverdin co-factors (unlike GFP based sensors) to fluoresce and it is much more susceptible 
to bleaching than GFP based sensors. Additionally, it undergoes a drop in absorption during 
activation which further increases bleaching effects.[22] Nevertheless, the responses could be 
detected by fluorescence but only with deltas of 0.3% whilst OAT could successfully unmix the 
protein in vivo as shown in Figure 5.6. The inherent shot noise in FONT from the laser does 
not allow for such low SNR deltas to be detected right now, but this is only a matter of 
instrumentation optimization and improvements upon the NIR-GECO1 protein.  

Figure 5.5 Expression and responses of Butterfly 1.2 in the transgenic mouse line. A) 
Sample images of the fluorescence seen from both mCitrine (absorbing at 473 nm) and 
mKate2 (absorbing fluorescence from mCitrine) as detected by the high-speed camera setup 
(single frame from 100 Hz). Scale bar: 2 mm. B) Responses detected from the mCitirine and 
mKate2 proteins including the ratiometric response from the region indicated by the white box 
in A). Both mCitrine and mKate2 traces are an average of 31 cycles each. mCitrine shows a 
drop of 0.5% with mKate2 undergoing an increase of 0.4%. The ratiometric increase is ~0.8%. 
The rise time of the protein is 40 ms with a recovery to baseline after ~500 ms. 
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Figure 5.6 Spectral OA profile of NIR-GECO1 A) Spectrally unmixed OA profile (arbitrary 
units) of NIR-GECO1 for calcium bound (Ca2+) and calcium free forms of the protein. B) Top; 
spectrally unmixed profile of calcium bound NIR-GECO1 acquired with the FONT system. The 
white arrow highlights the injection site. Bottom; spectrally unmixed HbO for anatomical 
reference. Scale bar = 2 mm.  

This research has set out to achieve five-dimensional FONT imaging for large scale 
electrophysiology in scattering tissues. As shown in the previous chapters, this was achieved 
using current technology, adapting already existing ones when suitable and the correct 
selection of model organisms across the entire mouse cortex, which is one of the most highly 
scattering tissues. The capabilities of FONT surpass those seen with classical two-photon 
imaging in terms of FOV and spatiotemporal resolution. However, there is still room for 
improvement, and this should be carried out on two fronts. The inherent noise and limited 
repetition rates of the OPO lasers is one current limiting factor for FONT. Developing a method 
of reducing this noise was attempted, using an absorbing microsphere for beam fluctuation 
reference along with the internal power meter from the laser itself to correct this noise. 
Nevertheless, the noise is an issue with low frequency oscillations being present in the system 
- from the cooling system water pump (0.1 Hz) which were also accounted for. This OPO noise 
is the reason why using this laser for fluorescence resulted in no detection of activity from 
either Butterfly 1.2 or NIR-GECO1 and required highly stable CW lasers to be used for imaging.  

The second key area to tackle is the development of a protein designed with and for 
FONT as opposed to repurposing proteins, even though this has proven successful. High 
throughput screening of in vivo expressed proteins should be carried out with a combination 
of fluorescence and FONT.[23] As has been the case in fluorescent imaging, this approach will 
develop suitable candidates for FONT.[23] However, whilst useful in vitro expression is limited 
in complexity in comparison to in vivo expression (e.g. no hemoglobin). Therefore, the in vivo 
expression of candidate electrophysiology proteins is a true test of their suitability to FONT. As 
shown for non-invasive GCaMP6 imaging, the increased organism complexity dramatically 
reduces the delta SNR when comparing single cell to whole brain responses. Whilst a protein 
may be highly successful in cell cultures and slices, this does not directly translate to non-
invasive FONT or mesoscale fluorescence imaging. Protein engineering with Butterfly 1.2 or 
NIR-GECO1 should be carried out with a focus on FONT imaging. As shown by this work, for 
mouse brain imaging FONT is often a superior method to current neuroimaging methods.  
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Establishing a pipeline for such protein development would accelerate FONT to 
completely surpass fluorescence for whole brain imaging and it could have dramatic 
implications on neuroscience research as a whole.[23] Suitable proteins should be expressed 
using viral vectors, as the process is less time consuming and easier than generating 
transgenic lines. Essentially this allows rapid prototyping of electrophysiological proteins with 
similar expression levels.[24] Currently, no system could provide the same resolution, 
sensitivity and FOV as FONT does. A suitable GECI or GEVI indicator (once determined) 
absorbing in the NIR spectrum, transgenically expressed in a mouse line would allow complete 
non-invasive brain imaging in 3D with FONT. Here, direct monitoring of neuronal 
communication could be tracked from its origin to destination, which is a long term goal of 
neuroimaging in general.[24] Current solutions require implantation of optical fibers, skull 
clearing and skull thinning or craniotomy for example.[25-27] In this work steps have already 
been made towards awake animal imaging with FONT and given the FOV and spatiotemporal 
resolution, this could deliver new insights to brain function as a whole as opposed to small 
sections or surface imaging.[28, 29] The work presented here shows that given the right 
experimental design and setup, FONT could and will eliminate many of the issues with current 
neuroimaging modalities.  

The methods established here have focused on reliable and established methods of 
stimulating activity in the mouse brain i.e., electrical paw stimulation. Future work could take 
advantage of the open access to the mouse body (aside from the scalp) to stimulate other 
regions of the body and map both hemodynamic and calcium response e.g. multiple paw 
stimulation and whisker stimulation.[30, 31] The inherent multispectral capabilities of FONT 
could readily be applied to optogenetic stimulation and monitoring of elicited responses, 
especially over the whole brain with correct actuators and reporters.[13, 22] Aside from awake 
mouse imaging, it would also be of interest to investigate the application of FONT to larger 
more complex organisms such as simians where larger FOV and deeper imaging of 
electrophysiology and hemodynamics would be of significant value.[32-34] In addition, other 
sensors could be investigated for their application to FONT such as glutamate and dopamine 
sensitive fluorescent proteins.[35, 36] Whilst the adaptation of FONT to these investigations 
will undoubtedly come with many challenges, the work carried out in this thesis should provide 
a stable base upon which a more physiological environment to image brain function with FONT 
can be established.  
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