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Abstract

The mammalian neocortex is penetrated by a dense, regulated network of blood vessels
known as the cortical angiome. The cortical angiome replenishes neurons with oxygenated
blood and carries away heat and waste, allowing them to sustain neuronal communication.
While the structural properties of the cortical angiome have been considerably elucidated,
our understanding of its functional properties is limited, mostly due to insufficient spatiotemporal
resolution of existing imaging techniques through turbid live mammalian brain. This
doctoral project was aimed at gathering the neuro-vascular information needed to estimate
the impulse response of cerebral microvasculature to a bout of neuronal activity in an
individual cell, termed the Hemo-dynamic Response Function (HRF). For this purpose, |
developed a Continuous Volumetric Intravital Microscopy (CVIM) technique, capable of
tracking hundreds of neurons and adjacent blood vessel segments through several neocortical
layers simultaneously, in unanaesthetized mice. CVIM is based on an ultrasonic variofocal
lens that offers 380kHz axial scanning rates across an axial range of up to 500mm, asynchronously
integrated with a resonant-galvo scan head, and a time-tagged photon counting data acquisition
scheme. I then use PySight, an open-sourced software package developed by my lab-mate
Hagai Har-Gil, to parse the list of photon arrival times into a multi-spectral, time-lapse
volumetric movie. Among else | demonstrate longitudinal neuronal imaging across 1400

1900 460mm?3, and longitudinal neuro-vascular imaging across 540 550 510mmq,
both at an imaging rate of 30 volumes per second. CVIM was designed to offer a sufficiently
high spatial resolution for tracking micro-vascular diameter changes, a sufficiently high
temporal resolution for tracking neuronal activity, across a sufficiently large volume of
view that accounts for neuronal demand in a 500mm-wide cylinder spanning several cortical
layers, an improved signal to noise ratio to make up for intravital photon-depleted imaging
conditions, and a resilience to axial drift for unbiased tracking of neuro-vascular activity.

As aresult, CVIM offers comparable spatiotemporal resolution to that of first-rate volumetric
multi-photon microscopy techniques. CVIM could be utilized for other challenging imaging
tasks through turbid tissue, such as label-free lifetime fluorescence imaging of malignant



cells. | further develop a data analysis pipeline that extracts neuronal DF=F traces and
vascular diameter changes from my sparse volumetric imagery. | teamed up with Shir Gur
from Lior Wolf’s Lab, who used my 4D datasets to develop a unique deep neural network
for automated segmentation of micro-vascular dynamics. Using it we observed for the
first time how individual instances of vasodilation and vasoconstriction propagate along
a penetrating artery, with a vasodilation propagation speed that matches the 650mm=s
value reported in earlier, sensory-evoked planar studies. Our ability to track spontaneous
vasoactivity along penetrating arteries and other blood vessels with single-trial resolution
paves the path towards linking it with single action potentials in individual neurons. |
demonstrate how a single-input-single-output (SISO) system identification framework implemented
using a Hankel matrix fails to capture a robust HRF kernel, partly due to its inability
to account for inter-vascular interactions in a micro-vascular network. | then outline
a multiple-input-multiple-output (MIMO) system identification framework for a micro-
vascular network embedded within an ensemble of neuronal energy demanding sites. | use
vector auto-regressive modelling (VAR) to account for inter-vascular dependencies within
the micro-vascular network, and treat neuronal metabolic demand as a set of exogenous
variables that affect that model (VARX). | discuss a few ways to reduce the number of
parameters associated with VARX modelling based on physiological considerations, in
the hopes of deriving impulse response functions corresponding to the canonical hemo-
dynamic response functions. Since my CVIM imagery is accompanied with synchronous
behavioural imagery, | will be able to inspect how the inferred HRF kernels vary with
the physiological and emotional states of the mouse, thanks to openly available tools for
automatic classification of these states. In the longer term, | plan to resolve the HRF
through all six layers of the mammalian neocortex, using smaller model organisms and
recent advances in multi-photon laser scanning microscopy.
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1 Introduction

1.1 Neuro-vascular coupling

The mammalian brain actively gathers sensory cues about the surrounding environment
and adapts one's behavioural response accordingly. How sensory information is represented
by a timely pattern of spiking neurons, known as the "neural code", is dif cult to investigate,
especially due to the complex inter-connectivity of neuronal circuits [266]. The high
metabolic cost of neuronal communication [120, : ]imposes an evolutionary pressure
towards energy-ef cient, sparse neural codes in the mammalian brain [11]. Energetically
wasteful neural codes would presumably make the brain too consumptive to nourish, as
the human brain already consumes about a fth of the body's oxygen and a quarter of
the body's glucose while taking up only about 2% of the human body's weight [27].
Unlike the human liver, which consumes a comparably disproportional amount of oxygen,
the human brain has no endogenous energy reserves. Consequently, while the liver can
survive hypoxic conditions for about 1000 seconds, loss of blood supply to the brain leads
to neuronal silencing within a few seconds, and neuronal death within a few minutes [16].

Faced with this metabolic bottleneck, neocortical neurons rely on a dense, regulated network
of blood vessels known as the cortical angiome [30]. The cortical angiome exhibits
neurovascular coupling, namely a temporary change in cerebral blood ow triggered by
neuronal activity through direct and indirect signalling pathways, replenishing the surrounding
tissue with oxygen and nutrients and removing excess heat and waste [124, , , ,

]. Neurovascular coupling mechanisms supposedly strive to increase blood ow where
and when it is needed most, while simultaneously decreasing blood ow elsewhere in
the brain. Such on-demand modulation of blood ow presumably facilitates faster neural
processing, at an acceptable metabolic price.

Impaired neurovascular coupling is associated with a variety of debilitating pathological

1 This section is partially based on my contribution to a 2019 research paper as a co-author [102].



conditions, such as dementia, hypertension, diabetes and Alzheimer's disease [53, ,

]. While the structural properties of the cortical angiome have been considerably
elucidated [30], our understanding of its functional properties is limited, owing in part
to the insuf cient spatiotemporal resolution of existing imaging techniques [272]. Simply
put, it is still unknown how individual microvessels react to individual neuronal action
potentials, with preliminary evidence suggesting that the vascular response is mostly driven
by speci ¢ subtypes of interneurons [270, 71, ]. Inthis context, the impulse response of
a given class of vessels to a single neuronal action potential is termed the Hemo-dynamic
Response Function (HRF). Improving our understanding of neuro-vascular interactions
may pave the way towards deciphering the neural code, or at least towards knowledgeable
rejection of metabolically-unsustainable neural code candidates.

| thus embarked upon an ambitious project, aimed at gathering across large neuronal
and vascular ensembles the neuro-vascular information needed to estimate the HRF with
cellular resolution. Such an end product may have several implications in neuroscience:

1. An experimental quanti cation of the HRF in each physiological state [265, :
, /2] is essential for standardizing the tuning parameters in functional MRI
studies [36].

2. Reverse-engineering neural codes based on the metabolic limits imposed upon them |

, 115, 169].

3. Improving our understanding of the dynamics of neural degeneration stemming
from disturbed neurovascular interactions in common pathologies, thereby paving
the road for new therapeutic interventions.

1.2 Two-photon laser scanning microscopy

Two-photon uorescent laser scanning microscopy (TPLSM) is based on the rare nonlinear
excitation of a single uorescent molecule by two nearly coincident photons [98, 61]. The
probability of this interaction is proportional to the average squared intensity of the laser
pulse, and it is inversely related to the pulse duration [61, , ]. Optical sectioning is
therefore inherent to this process, since its probability is maximal at the focal volume and
quickly diminishes elsewhere. Usually a pulsed laser emitting ultra-short§)0pulses

2This section is partially based on my equal contribution to a 2017 review paper as a co- rst-author [272]
and to a 2019 research paper as a co-author [102]



with >100kW peak powers is required to evoke two-photon interactions at a detectable
rate in living mammalian brain, though simpler laser sources have been described in the
literature [164, ]. Consequently, most of the collected uorescent photons originate
from the small focal volume, regardless of the number of scattering events they undergo
along their way to the photodetector. Images are usually acquired by scanning a focused
laser beam across the sample, one voxel at a time. In certain cases, the scanning rate can
be increased by exciting a larger focal volume [222, , , 60].

The optical sectioning property of TPLSM represents its major advantage over single-
photon uorescence microscopy, where an overwhelming background excitation of out-
of-focus photons must be rejected. In addition, the wavelengths used for two-photon
excitation are nearly twice as long as those required for single-photon excitation. For
commonly used uorophores, these longer wavelengths undergo less scattering and absorption
within the tissue, allowing them to penetrate the tissue better on their way to the focal
point [244]. Lastly, these longer wavelengths can be easily spectrally Itered off of the
photodetector, while maintaining high sensitivity to the collected uorescent photons.

1.2.1 Probes for measuring blood ow

Two-photon imaging of vascular dynamics is usually conducted by injecting a uorescent
contrast agent into the bloodstream, against which red blood cells can be visualized as
moving dark streaks.

The blood-brain-barrier (BBB) is mostly permeable to small uorophore molecules, whose
leakage into the interstitial uid may add to the background uorescence. It is therefore
a common practice to conjugate uorophores to large inert molecules, such as heavy
dextrans with a molecular weight of MegaDalton size, since this enables longer imaging
of vascular dynamics. In addition to long-proven uorophores such as dextran-conjugated
FITC, a growing collection of probes now offer new capabilities, as reviewed in [272].

1.2.2 Probes for measuring neuronal activity

Multi-photon microscopy allows measuring activity from de ned cell types in awake
animals, and with high spatiotemporal resolution. Speci cally, the electrical activity of
neurons can be monitored directly with voltage-sensitive indicators [1], or indirectly with
calcium-sensitive and neurotransmitter-sensitive indicators. Calcium indicators re ect the
surge in intra-cellular calcium concentration following an action potential [100]. Their
uorescent signal rises sharply following the release of an action potential, and then



typically decays over tens to hundreds of milliseconds. This slow signal decay is favourable
when scanning a laser beam over a large population of neurons, sampling each neuron
only dozens of times per second, it allows the investigator to estimate the spike rate from
a uorescence trace. Calcium indicator molecules include calcium-sensitive organic dyes
and genetically encoded calcium indicators (GECIs). Organic dyes are mainly suitable for
acute experiments, whereas GECIs can be used in chronic experiments spanning several
months [294].

The fast and slow variants of the GCaMP6 family [48] have become the primary workhorses
for mammalian calcium imaging in recent years. In the meantime, better GECls are being
developed, promising higher sensitivity, brightness, speed, and detectability [173].

1.2.3 Volumetric imaging

To obtain fast volumetric imaging, one needs to rapidly modulate the effective focal plane
without moving the massive objective lens. Many groups have focused their attention on
this technical challenge, giving rise to frantic progress over the past two decades [133,

’ ' ]

Free of mechanical inertia, acousto-optic de ectors can rapidly de ect the laser beam
from one site of interest to another within a cortical volume, as demonstrated by Katona
etal [143, , ]. Such acousto-optic microscopes can monitor hundreds of neurons,
hundreds of microns apart from each other, focusing on each neuron for a few microseconds
at a time. However, they are notoriously complex and expensive to build [142].

With the advent of adaptive optics, new devices enable continuous volumetric imaging
without moving the massive objective lens above the animal. Typically, a deformable
mirror (DM) or a tunable lens can be used to rapidly modulate the effective focal plane.
In order to reach an axial range of hundreds of microns, one needs a DM with a rather
large aperture, usually incorporating hundreds of actuators. Using a DM with 69 actuators,
Zurauskas et al. imaged three planes displacediny@ one another at a 10 Hz rate [306].

An electrically tunable lens (ETL) is a slower device based on a polymer whose curvature
varies with the applied electrical current, and which has a settling time longer than 5
milliseconds [193]. It offers a considerable axial range at an affordable price. For example,
ETLs have been extensively used by the Helmchen Group for 3D imaging of murine
brain [274, 78, 99].

Resonant vario-focal lenses, such as tunable acoustic gradient index of refraction (TAG)
lenses, provide unmatched axial scanning rates of hundreds of kHz, faster than any other



beam steering device on the market. However, their sinusoidal axial trajectory is suboptimal
for imaging the highly scattering mammalian brain, and their effective axial range is
limited by the spherical aberrations they introduce (see [156, , , ] and Figure
3.8). Kong et al. used a TAG lens for continuous volumetric imaging of murine brain at up
to 37 volumes per second [156], and XZ slices at kHz rates [158]. They have also used a
deformable mirror to partially mitigate the aberrations caused by the TAG lens [156, ].

The next generation of volumetric imaging will most likely incorporate an optical phased
array [184] - a promising new technology for extremely fast beam steering - eventually
allowing three-dimensional beam steering at MHz rates [125]. For a comparison between
volumetric imaging methods, please see Table 1 in my review article [272].

1.3 Studying neuro-vascular interactions

Previous attempts to measure the vascular response to neuronal activity were limited to
imaging changes in vascular diameter one plane atatime [137, , , , , 71, 15].
While a vasodilatory response has been identi ed during spontaneous locomotion [126,

, 90, 72], most works have repeatedly exposed the animal to an arti cial prolonged
sensory stimulation over hundreds of consecutive trials, eliciting a vigorous neuronal
activation that gave rise to a measurable vascular response [203, , , ]. By
repeating these visual [203], olfactory [231] or somatosensory [265, ] sensory stimuli
while focusing on differing layers of the cortex, a laminar difference in the average onset
time and time-to-peak of the vascular response was revealed [271]. In particular, instances
of vasodilation begun earlier in the deepest cortical layers, suggesting that vasodilation
propagates upwards along penetrating arteries [265, : ].

With neuronal activityper sebeing at the primary focus of most neuroimaging labs [5],
several imaging methods have been recently tailored for rapidly tracking neuronal activity
across considerable large brain volumes, with cellular or near-cellular resolution. These
include light eld microscopy [208, ], light beads microscopy [60], lensless imaging [&],
scanned line angular projection microscopy [146], and reconstruction of 3D imagery from
2D images using deep neural networks [289]. While the BDnm spatial resolution

of these methods is suf cient to discern neuronal cell bodies with little cross-talk, it is
insuf cient for tracking 1 5nmmchanges in vessel diameter, which can cause considerable
changes in cerebral blood ow through cerebral microvasculature. Conversely, while
optical coherence tomography and functional ultrasound imaging allow noninvasive, label-

3This section is partially based on my contribution to a 2019 research paper as a co-author [102].



free tracking of vascular dynamics over large elds of views, they are incapable of tracking
neuronal activity with single cell resolution [272]. The invention of the ultrasonic variofocal
lens allowed axial scanning & 100 kHz rates, enabling rapid continuous volumetric
multi-photon imaging [156, , 97]. Itis now technically possible to track the activity of
hundreds of neurons and vasoactivity along hundreds of neighbouring vascular segments,
simultaneously across a large brain volume [113, 97, 96]. Continuous volumetric imaging
bears several important bene ts over traditional planar imaging:

1. The propagation of vasodilation and vasoconstriction through cortical vessels can be
directly observed during spontaneous brain activity, rather than indirectly deduced
from averaging repeated evoked trials at differing cortical depths.

2. Most neuronal cell bodies surrounding a given blood vessel segment are observable
with volumetric imaging, but not in planar imaging, as illustrated in Figure 1.1.
Therefore a greater proportion of the neuronal activity that drives vasoactivity is
accounted for.

3. Instances in which neuronal activity at a given cortical layer affect metabolic demand
at another cortical layer can be accounted for. In particular, preliminary observations
on a small number of neurons in murine brain slices suggest that astrocytic Ca
in ux through TRPV4 channels following a sustained increase in vascular tone [214,

] leads to a drop in ring rate of nearby pyramidal neurons [150]. As changes in
vascular tone can propagate along vessels across hundreds of microns [211, ,
], the functional hyperemia initiated by neurons in deep cortical layers might

modulate the vascular tone in shallow cortical sites, thereby hypothetically affecting
the ring rates of other neurons in a non-synaptic fashion [190]. Continuous volumetric
microscopy is capable of tracking such speculative interactions.

4. Axial motion (z-drift), that is known to introduce a considerable bias during planar
imaging of neuronal activity [256, 2, 45], can be accounted for in rapid continuous
volumetric imaging [156, , 97, 96].

5. Cerebral blood volume can be directly measured for each vessel segment, rather than
derived from its diameter along an arbitrary axis in an error-prone fashion [89].



Figure 1.1: Neuronal somas within a100mm distance off of a given vessel

segment. Less than 12% of the surrounding somas can be imaged within the
same planar eld of view (blue), necessitating volumetric image to account for

the missing 88% (red). This issue is even more severe for penetrating arteries
spanning hundreds of microns away from the imaged plane. Planar depth of

eld assumed to be 10mm thick. Calculated across a large dataset of cortical

vessel segments and neuronal cell bodies acquired in [30].

1.4 Problem statement

The ultimate goal of this research project is to facilitate the estimation of the hemodynamic
response function (HRF) kernel for neuronal activity in each cortical layer. An increase
in neuronal metabolic demand presumably drives a modulation of cerebral blood ow
in adjacent microvasculature. But we think that merely correlating the local observed
variation in blood ow to locally observed somatic calcium transients may be an over-

simpli cation of neurovascular coupling, for the following reasons:

1. Waves of vasodilation and vasoconstriction propagate along the vascular tree, accounting
for most of the observed variation in CBF. While these variations are driven, in
part, by neuronal metabolic demand, their contribution to CBF variations at a given
observed upstream artery are poorly correlated with the instantaneous metabolic
demand surrounding that particular vessel segment. SimplyJ&#F, variations
predominantly re ectinter-vascular coupling (IVC), rather than neuro-vascular
coupling (NVC), as reported in previous studies [137, , ] and observed in our
lab [102].



2. Most of the metabolic demand following an action potential is related to synaptic
communication, rather than somatic computation [169]. These synapses often lay
hundreds of microns away from the cell body in which a calcium transient is observed [
As long as the ultra-structure of the imaged volume of view is not mapped, we can
only tell whenthe metabolic demand likely increases, but not precisdlgre(see
section 4.5.3). Our working assumption is that an ensemble of vessel segments
replenishes each neuron, and that each vessel takes part in replenishing several
neurons. We therefore think that single input single output (SISO) system identi cation
tools, successfully utilized for stimulus-evoked hemodynamic response studies [S5,

, 15], might not suit HRF characterization at the cellular level. Indeed, SISO
system identi cation attempts have failed both in earlier stages of my project (see
section 4.5.1) and elsewhere [15].

3. Due to the limited size of our volume of view, we do not account for part of the
neuronal metabolic demand that drives the observed vasoactivity. Nor do we account
for adjacent vasculature, outside of our volume of view, that take part in responding
to the metabolic demand caused by our observed neurons. Several limits aggravate
this problem:

(a) Tissue turbidity and the limited axial range of our variofocal lens both preclude
sampling the deepest cortical layers of our mice, as illustrated in Figure 3.8.

(b) Transgenic mouse lines typically do not express calcium indicators in cortical
layer 4 [47, 59], a relatively thick layer where the density of neuronal cell
somas is particularly high [30, : ].

(c) The closer we get to the edges of our volume of view, a higher proportion of
adjacent neuronal activity and vascular ow is unaccounted for. The observed
vasoactivity in the distal vessels of our volume of view can at best be used
as crude boundary conditions for the observed vasoactivity in proximal vessel
segments.

With these considerations in mind, we determine the size of our imaged volume in section
3.1.4.

4Having said that, the connectivity patterns and laminar synapsing often follow certain statistical
propensities [179, , b6]. Consequently, identifying the sub-type of a given neuron provides us with
some insight about the expected identity and laminar position of its post-synaptic counterparts.



1.4.1 Practical challenges

Additional practical limitations undermine our efforts to distill the HRF:

1. Calcium transients are indicative of neuronal action potentials, but their magnitude
is only weakly correlated with ring rate in intravital imaging conditions [263].
While our model relies on relating spike times to vasoactivity (see section 4.5.3),
our experimental data only provides us with noisy, putative changes in neuronal
activity.

2. The saturation of GCaMP6f and GCaMP7 calcium indicators precludes reliable
monitoring of interneuronal activity, let alone distinguishing interneuronal subtypes
by their ring rate. For that reason we cannot rely on putative ring rates to distinguish
vasodilatory interneurons (e.g. VIP-secreting and NO-secreting interneurons) from
vasoconstrictive interneurons (e.g. SST-secreting and NPY-secreting interneurons) [40,

, 72, 168].

3. GCaMP6f and GCaMP7 calcium indicators are expressed both in the cell body
and in the neuropil. Consequently, the calcium transients of a given cell body are
superimposed with calcium transients in nearby dendritic processes, inclewling

passantdendrites that do not synapse to it [49, ]. This contamination reduces
the detectability of genuine somatic action potentials and increases the likelihood
for false attribution of spikes to a silent cell body [49, ]

4. The capillary bed constitutes about 96% of neocortical microvasculature [116]. Unfortunat
our available spatial resolution precludes the identi cation of small changes in capillary
volume, and likely fails to detect even large changes in capillary volume, especially
in deeper cortical layers (see section 3.1.4). Nevertheless, preliminary ndings
suggest that capillary vascular response is exceptionally slow [116, ], thereby
possibly allowing us to average many noisy observations into more accurate estimates
of the slow changes in capillary volume.

5. Microvascular networks in general and the capillary bed in particular considerably
deviate from Hagen-Poiseuille law [1 7, ], which is applicable for long cylindrical
pipes with uniform diameter [286]. Large estimation errors may therefore arise
when inferring cerebral blood ow, let alone tissue oxygenation, from observed
changes in vascular diameter.



2 Research AiIm

If you do not work on an important problem, it's unlikely you'll do important work.

Richard Hamming107]

This doctoral project is aimed at gathering the neuro-vascular information needed to estimate
the hemo-dynamic response function (HRF) with cellular resolution. For this purpose, |
should track the individual activity of hundreds of neurons and adjacent blood vessels,
through several layers of the neocortex simultaneously, with cellular resolution, in the
brain of an unanaesthetized mammal. This aim can be itemized into the following objectives:

1. Continuous volumetric scanning using an ultra-sonic lens, as detailed in section
3.1.2

2. Lens-locked beam intensity modulation, as detailed in section 3.1.3

3. Time-tagged photon counting data acquisition, followed by 5D image reconstruction,
as detailed in section 3.2.1

4. Synchronization of the photon counter with the femtosecond laser source, facilitating
uorescence liftime imaging, gated imaging and further improvements in imagery,
as detailed in section 3.2.2

5. Synchronized behavioural imagery for online monitoring of animal well-being, as
well as downstream automated extraction of its concurrent physiological and emotional
states, as detailed in section 3.2.3.

6. Neuronal segmentation and activity estimation, as detailed in sections 4.2.1 and
4.2.2.

7. Vascular segmentation and vasoactivity estimation, as detailed in sections 4.3.1 and
4.3.2.
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8. Downstream analysis of inter-vascular and neuro-vascular interactions, as detailed
in section 4.4,

Finally, in section 4.5.3 we outline a framework for distilling the canonical HRF kernels
from our extracted neuro-vascular observables.

11



3 Methodology

Progress in science depends on new techniques, new discoveries and new ideas,
probably in that order.

Sydney Brenndi36]

A considerable part of my research project was dedicated to developing new enabling
techniques essential for approaching my biological question. A secondary effort was
aimed at non-essential technical improvements that | introduced in order to obtain better
imaging conditions, or improved estimates of blood ow variations.

Some of the following techniques were developed in collaboration with other research
students, as elaborated below. In particular, one of the enabling techniques that played an
instrumental role in my research project, namely the PySight software package [111], was
solely written by my colleague Hagai Har-Gil. | took part in conceptualizing it and coding

its prototype version in MATLAB, but cannot take credit for its brilliant implementation

in Python. Its working principle is described below for the sake of completeness, as it may
be dif cult to understand my analysis pipeline without it.

3.1 Microscopy setup

3.1.1 Conventional multi-photon microscopy beam path

We used a customized movable objective two-photon microscope (MOM) by Sutter Instrument
Company, modi ed to house a 8 kHz resonant-galvanometric scanning unit. The laser
source used was an 80 MHz 140 fs Ti:Sapphire laser (Chameleon Ultra Il, Coherent Inc.)
tuned to 935nm or 940nm for calcium imaging in mice or drosophila brain, respectively.

The collected light was directed at a fast GaAsP PMT (H10770PA-40SEL, Hamamatsu
Photonics K.K.) through two dichroic mirrors (BrightLine FF735-Di01-25x36, Semrock
and 565dcxr, Chroma Technology Corporation) and a bandpass lIter (525/70-2P, Chroma

L This section is partially based on my equal contribution to a 2018 research paper as a co- rst-author [114].
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Technology Corporation). For PySight acquisition [114] (described in section 3.2.1),
the output cable of the PMT was connected directly to a high-bandwidth preampli er
(TA1000B-100-50, Fast ComTec GmbH). The ampli ed signal was then conveyed to an
input channel of an ultrafast photon counter (initially MCS6A-2 by Fast ComTec GmbH,
replaced at the nal stages of my project by Time Tagger Ultra, Swabian Instruments
GmbH). Two other input channels of the photon counter were dedicated for synchronization
pulses from the beam steering elements:

1. Line synchronization pulses from the microscopy control software (Scanimage, Vidrio
Technologies, LLC.), which were con gured to be logically high when the galvanometric
mirror scanned through the FOV.

2. TAG synchronization pulses from the driver of the TAG lens (DrvKit 3.3, TAG
Optics Inc.) which were con gured to be logically high during the maximal diverging
phase of the lens, i.e. its maximal imaging depth.

For analog acquisition, the output cable of the PMT was connected directly to a high-speed
current ampli er (DHCPA-100, FEMTO Messtechnik GmbH). The preampli er was DC-
coupled, set to a bandwidth of 80 MHz, on its high gain setting and the output's full
bandwidth was used. The ampli ed signal was then conveyed to a National Instruments'’
FlexRIO (PXle-1073) digitizer with the NI 5734 adapter module, set to a sampling frequency
of 120 MHz.

13



Figure 3.1: The optical setup of our imaging system for rapid continuous
volumetric intravital imaging. The femtosecond laser used was Chameleon Ultra
Il (Coherent Inc.). Glan-Laser: GL10-B (Thorlabs Inc.). EOM - electro-optical
modulator (D7v-T3, Qubig GmbH). QWP - quarter wave plate (AQWP10M-
980, Thorlabs Inc.) PBS - polarizing beamsplitter (PBS102, Thorlabs Inc.). L1
- 45 mm focal length (AC254-045-B, Thorlabs Inc.). L2 - 60 mm focal length
(AC254-060-B, Thorlabs Inc.). Resonant-Galvo - Two dimensional scanning
unit composed of a resonant scanner and a galvanometric scanner (RESSCAN-
MOM, Sutter Instrument Company). L3 - 50 mm effective focal length Scan
lens (Leica Microsystems). L4 - 200 mm effective focal length Tube lens (CFl,
part #93020, Nikon instruments). Objective lens - XLPLN10OXSVMP (Olympus
Corporation). Reproduced from [114]. Figure made by Hagai Har-Gil.

3.1.2 Axial scanning module

For volumetric imaging, a tunable acoustic gradient index of refraction lens (TAG Lens

2.5, TAG Optics Inc.) was inserted into the beam path upstream of the resonant-galvo
system. An iris diaphragm (SM1D12CZ, Thorlabs Inc.) was used to reduce the beam
diameter at the entrance to the TAG lens to 3.5mm, in accordance with the 4mm effective
clear aperture of the TAG lens at its 189 kHz resonance. A pair of achromatic doublet
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lenses with focal lengths of 45 and 60 mm (AC254-045-B and AC254-060-B, Thorlabs
Inc.) were used as a relay system between the TAG lens and the resonant-galvo system.
The TAG lens, its upstream iris and downstream relay system were mounted on top of a
pair of manual linear translation stages (M-423, Newport Corporation) for easy alignment.
An aluminum adapter plate, designed and manufactured by Eran Rosen from the mechanical
workshop of the faculty of chemistry, was used to precisely retain the TAG lens in its
concentric position. The entire module was lifted on a 1.5” post using a post mounting
clamp and a right angle plate (P150/M, C1511/M and AP90/M, Thorlabs Inc.).

The TAG lens is known to introduce some spherical and coma aberrations that degrade the
lateral and axial resolution as the lens modulates the focal depth away from its nominal
value, especially at high modulation intensities [156, , , ]. We thus carried
out an alignment procedure detailed in section 1 of our CVIM protocol [95] before each
volumetric imaging session.

A homemade watery solution of ower pollen enclosed in cover glass was used both as an
alignment target, and for axial range estimation of the aligned setup. A sample thickness
exceeding 1 millimeter, typically in the range of 2-3 millimeters, guaranteed that ample
features could be imaged throughout our axial range, as exempli ed in Figure 3.2). The
axial range estimation procedure is detailed in section 2 of our CVIM protocol [95].

Figure 3.2: Left: A conventional z-stack spanningl925 1830 470nmof ower
pollen acquired with a spacing of 10mm between slices. Right: Continuous
volumetric imaging of the same volume, acquired using a TAG lens and a 4f
relay system consisting of 45mm:50mm achromatic doublet lenses.
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3.1.3 Intensity modulation scheme

Phototoxicity considerations limit the tolerable beam power to about 80mW at the surface,
and about 250mW while imaging deep layers [216, ]. In practice, the optimal beam
power should be lower, for two reasons:

1. High beam power at the surface may saturate the probability of photon emission per
laser pulse at the center of the focal volume, thereby broadening the point spread
function [304, ].

2. Increasing beam power while imaging deep layers eventually leads to increasing
two-photon excitation at the surface, as well as to two-photon excitation at the
vicinity of the focal volume [212]. Both background mechanisms essentially limit
the attainable signal-to-background ratio, unless dedicated background rejection
measures are taken [212]. Therefore, raising the beam power beyond the surface
excitation threshold does not improve the signal to background ratio.

An exact waveform that precisely compensates for optical scattering pends measuring the
attenuation length of the mouse brain at the selected excitation wavelength (935nm), and
to a lesser degree across the emission wavelengths. In contrast, our approximated beam
power modulation waveform is only meant to spare our imaging conditions from surface
excitation and the brain from photo-toxic irradiation, as exempli ed in Figure 3.3. Section

3 of our CVIM protocol [95] speci es how we con gured that beam power modulation
waveform and synchronized it with the TAG lens oscillation. Brie y, an output port of

a 160MHz function generator (DG4162, Rigol) was connected to a 1MHz high-voltage
ampli er (A-303, A.A. Lab Systems Ltd.) that drove an electro-optical modulator (D7v-

T3, Qubig GmbH). A synchronization channel of the TAG lens driver was used to trigger
the waveform generated by the function generator. A silicon photodetector (PDASA/M,
Thorlabs Inc.) was used to ne-tune the timing of the intensity modulation waveform,
such that the EOM attenuated the beam power when the lens was scanning the shallower
depths.
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Figure 3.3: Optimal (yellow) and practical (green) beam power modulation
waveforms, with respect to lens phase (blue) and nominal depth (red) oscillation
over time. Note differing units of measure for each trace.

3.1.4 Setting the size of the imaged volume

As denoted above, we'd like to track the neuronal activity that drives the observed vasoactivity
at the center of our volume of view, while also tracking the peripheral vasoactivity that
responds to that observed neuronal activity. The angiomal lattice model and arteriolar
occlusion studies both indicate that in mice, a single penetrating artery replenishes the
neuronal tissue within a radius of about 230 around it [30, , ]. Therefore, we

would like to image a volume spanning the entire depth of the mouse cortex, with a lateral
diameter of at least 5@n. However, tissue turbidity limits our useful axial range to about
300mm, as illustrated in Figures 3.4h and 3.8.

The size of the imaged volume is not limited by the size of the cranial window [151], nor
by the scan range of the beam steering elements [249, , , ], but by the number
of voxels per second that can be interrogated [281, 34]. For instance, in order to sample
thirty times per second every 88 voxel in a volume spanning 500500 300mn?,

one would need at least 3022900 300 = 2:8 107 samples per second. We use the
term 'samples' rather than 'laser pulses' since the probability for uorophore excitation
per laser pulse has to be lower than 0.1 to guarantee that not many molecules outside the
point spread function are excited [304, ]. Moreover, the distance travelled between
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consecutive laser pulses using ordinary beam steering devices is typically smaller than
half the size of a point spread function (PSF): abadtrén laterally and 34nmm axially
per 12.5n$. In this sense, when optimizing the sampling scheme, it's not only the laser

repetition rate or the available photon budget that should be taken into account [132, 1,
but also the minimization of mutual information between consecutive samples [91], e.qg.
by temporal multiplexing of several non-overlapping beamlets [52, 22, 60]. We revisit this

consideration in section 5.3.2.

Point Spread Function estimation

The smallest PSF ideally achievable with a 0.6 NA objective lens at an excitation wavelength
0f 935nmisp32 (0:35)2 2:46= 1:7nm° [304]. In practice, the PSF is severely degraded

by aberrations induced by the turbid brain tissue [260, 33, ], by under- lling the
back aperture of the objective lens, and by the ultrasonic TAG lens [156, , , 1,
besides milder optical imperfections accumulating en route to the objective lens. | used the
MetroloJd plugin [182, 54] to estimate the PSF of my setup, in a xed pollen sample as well

as in living murine brain. | then compared these PSF estimates to lateral and axial vascular
diameter measurements, thereby using my large ensemble of vessel segments as intravital
resolution targets, as conducted earlier [202, 60]. I manually labelled 33 small pollen out
of an image spanning 19001900 460mm? (see Figure 3.4a-b). | fed the cropped 3D
stacks of 27 seemingly suf ciently small pollen to MetroloJ, and excluded them from the
sample if theR? value of their Gaussian t was smaller than 0.8 either axially or for both
lateral dimensions, x and y. 13 pollen passed these inclusion/exclusion criteria, yielding a
lateral/axial PSF estimate of 32:2mm/ 64 14:4mm, respectively. A visual inspection of

the resulting xz/yz projections has revealed that in many cases, the axial intensity pro le
has been bimodal and contaminated with haze from surrounding uorophores (see Figure
3.4c), giving rise to an over-estimation of the axial PSF. Inspecting the lateral and axial
diameter estimates of 443 vessel segments manually segmented across a comparably large
axial range (523 550 465mm?3), we saw many vessel segments with an axial diameter
smaller than 3Bm, with the three smallest axial diameters ranging between 26mm

(see Figure 3.4e-j). This nding supports the assumption that the pollen sample | prepared
was ill-suited for axial PSF estimation. There were 21 vessel segments with an estimated
lateral diameter of 8 5:4mm, the deepest of which at a depth of 24t (see Figure 3.4i-

j), suggesting that our intravital lateral PSF at these imaging depths was suf ciently small

2For the said 500 500 300mm? volume size, assuming lateral/axial scanning rates of 15.8kHz/378kHz,
respectively.
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to resolve individual capillaries. Notably, while small axial diameters were correlated with
small lateral diameters, high axial diameters in excess anG@ere poorly correlated

with their respective lateral diameters (see Figure 3.4i). A large axial diameter with a
small lateral diameter could correspond to vessels whose imaging conditions or diameter
estimation are highly affected by aberrations of all sorts, while large lateral and axial
diameters may correspond to penetrating arteries and ascending veins. Indeed, we saw
that both the lateral and the axial diameter estimates increased with imaging depth in a
rather linear fashion (see Figure 3.4j). This nding suggests that the aberrations induced
by the TAG lens, that grow superlinearly towards both edges of the axial range [156, ],
are negligible with respect to tissue-induced aberrations.

In the 490 500 300mm? neuro-vascular imagery analyzed in section 4.4 below, many
small punctal features were apparent in the red imaging channel, often in close proximity
to blood vessels. | labelled 41 features and ran MetroloJ on 28 features that seemed
suf ciently separated from adjacent blood vessels. 17 of these features passed the said
inclusion criteria R%2 > 0:8 for the Gaussian t both axially and for either x or y), with the

PSF of a single feature labelled at z=0 ignored due to the concern that its intensity pro le
is axially clipped. The resulting axial and lateral PSF estimates were poorly correlated
with one another (see Figure 3.4k), and did not seem to increase with imaging depth (see
Figure 3.4l), but their tting error did increase with imaging depth (see Figure 3.4m). The
mean intravital lateral/axial PSF estimate was @9nm/ 26 4:9nm respectively for

the curated 16 features that passed the inclusion criteria, anttB3rim / 24 8:2nm

for all 28 features tested. Among the 16 curated features, the ve smallest lateral PSFs
ranged between:® 2:3mmand the ve smallest axial PSFs ranged between 23mm.

These results match our expectation to arrive at smaller intravital PSF estimates across
an axial range of 300m than across an axial range of 4%, as the latter is affected by
tissue turbidity across a larger number of scattering lengths, and necessitates greater under-
lling of the back aperture of the objective lens. By comparison, without the axial scanning
module and with proper lling of the back aperture of the same 10x/0.6NA objective lens,
the lateral/axial PSF of our microscope waS2&8:5mm respectively, as measured by my

lab mate Hagai Har-Gil using uorescent beads and MetroloJ.
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