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Studying the propagation of action potentials across neuronal networks and how information is
stored and accessed in their dynamic firing patterns has always been the essence of neuroscience. Emerging
evidence shows that information in the brain is encoded in the simultaneous or avalanche-like firing of
multiple, spatially separated groups of neurons. Thus, understanding the collective behavior of neurons is
essential for understanding how the brain processes information and encodes memory. Since its discovery,
the advent of optogenetics has brought upon a revolution in neuroscience, where individual neuronal
circuits are able to be selectively probed and their connections decoded. This ability has been used by many
groups to great effect, with some groups even using optogenetic stimulation to create phantom sensations,
which are typically encoded in the functional activity of distinct neuronal populations. However, in-vivo
optogenetic excitation relies inherently on the quality and accuracy of the stimulation method, with many
problems arising due to biological effects such as animal motion, the scattering nature of brain tissue, and
cell health. Typically, groups either use digital micromirror arrays or spatial light modulators, with the

former lacking transmission efficiency and the latter having a high technical skill barrier due to its



propensity to induce artifacts into intended patterns of light. This dissertation attempts to reduce the barrier
towards the use of spatial light modulators in optogenetics by improving targeting accuracy, reducing the
effects of unmodulated light and related artifacts, and developing new methods of stimulation which reduce
the power density directed at neurons. To accomplish the first step, improving targeting accuracy, | created
and demonstrated a real-time capable particle-based motion tracking algorithm to correct for animal motion.
To reduce the effects of optical artifacts, |1 developed and patented a method of using Fresnel lenses
convolved with intended light patterns to project higher orders of diffraction and un-diffracted light axially
away from the object plane. To improve cell health during stimulation, | researched the use of optical
vortices to stimulate neurons, allowing for ion channel activation with reduced power per unit area. Finally,
I set the stage for new science by creating neuroimaging platforms integrating these techniques and capable
of imaging activity across multiple scales. Other avenues for improvement are outlined as well in this
dissertation, as well as new scientific questions that can be asked, leveraging these developments contained

within.
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1. Introduction

General consensus holds that brain activity originates primarily in the electrical dynamics
of neurons. Neurons undergo electrical depolarization and repolarization in response to certain
electrochemical stimuli, a process known as an action potential, or more colloquially, ‘firing’
(Llinds and Jahnsen 1982). When neurons fire, signals, aggregated from connected neurons
through dendrites, are transmitted to other downstream connected neurons through axons (Llins
2014). Much like individual circuits underlie the function of a complex electrical system, the
functional structure of these neuronal ‘circuits’ impart clues as to how the brain process and
transfer information. Throughout the 20th century, multiple tools were developed to study these
circuits at different scales. At the largest scale, functional magnetic resonance imaging (fMRI)
uses blood flow as an activity proxy to different macro-scale brain regions to understand where
different external and internal stimuli are processed (Kwong, Belliveau et al. 1992, Logothetis,
Pauls et al. 2001) (Lundervold, Ersland et al. 1995) (Desai, Kahn et al. 2011). At a more
intermediate scale, micro-electrode arrays (MEASs), such as those recently popularized by
Neuralink, are used to study the group activity of 10s to 1000s of neurons surrounding individual
electrodes (Rousche and Normann 1998, Brown, Kass et al. 2004, Musk and Neuralink 2019).
These apparatuses excel at understanding intra-regional dynamics in-vivo and in-vitro(Owens,
Denison et al. 1995) (Liu, Chen et al. 2012) . In-vivo, this would correspond to how activity occurs
inside of regions identified by fMRI. On a single-cell level, a high precession technique known as
“patch-clamping”, in which high-resistance seals are created by entraining cell membranes into

electrically sensitive micropipette tips, has been used to study individual cell dynamics (B



Sakmann and Neher 1984) (Hamill, Marty et al. 1981). This technique has found great success in
revealing the precise nature of the action potential and the response of individual neurons to
particular stimuli (Yu and Ferster 2013) (Ma, Donnelly et al. 2010). However, each of these
methods have their limitations. fMRI has very poor spatiotemporal resolution (typically >1mm
and >3s) and requires a basic assumption to be made about the relation of blood flow to electrical
activity, an assumption which has been challenged in part in recent times by new studies relating
components of brain energy consumption and blood flow to glial, not neuronal, function, as well
as others highlighting between-subject variability (Jueptner and Weiller 1995, Heeger and Ress
2002) (Schulz, Sydekum et al. 2012) (Specht 2020). MEAs, with significantly better spatial
resolution and extremely good temporal resolution, require very invasive electrodes which can
cause localized brain injury and inflammation, and still do not relate the role of individual neuronal
dynamics to population-level activity (Gulino, Kim et al. 2019) (Wellman and Kozai 2017).
Therefore, specific spatiotemporal activity patterns in localized neuronal networks responding to
external stimuli are unable to be visualized via MEAs. Patch-clamping, is also highly time
consuming to perform especially in-vivo, and because of spatial limitations imposed to the pipettes
performing it, is rarely done more than one recording at a time (Bazzigaluppi, Ruigrok et al. 2012,
Noguchi, Ikegaya et al. 2021) (Koga, Li et al. 2010).

To overcome these limitations, optical imaging of neuronal activity was pioneered in 1984
(Grinvald 1984) to allow for the visualization of the activity of hundreds of neurons simultaneously
at a single-cell resolution. This acts as a bridge between the scales typically occupied by patch-
clamping and MEAs. Optical imaging relies on the use of chemical or genetically encoded
indicators which change intensity or color due to local changes in membrane potential or the

concentration of other proxy measurements of activity, such as calcium. These changes in color or



intensity are detected with a microscope and are tracked over time, creating data sets which reflect
the activity of the hundreds of neurons in the field of view (Smetters, Majewska et al. 1999) (Grewe
and Helmchen 2009) (Lu, Liang et al. 2020).

One application area of interest for optical imaging is understanding the role of individual
cortical layers in decoding sensory input. Cortical neurons are organized in roughly 6 columnar
layers. Each of these layers consist of different set of cells and they each play a different role in
processing information. Layer 2/3 of sensory cortex, which is mainly consistent of small and
densely packed pyramidal neurons, plays a critical role for higher level processing of the sensory
input. (Sripanidkulchai and Wyss 1987, Adesnik and Naka 2018, Quiquempoix, Fayad et al. 2018).
Due to the high level of interconnectivity of neurons in this layer, the optical study of its circuitry
is of great interest. To read the interlayer neuronal activity with micron resolution, optical
sectioning is required due to the need for planar selectivity. The most popular microscopy
technique which provides optical sectioning is confocal microscopy. Scanning confocal
microscopy has previously been used for functional imaging of brain slices (Inglefield and
Schwartz-Bloom 1997), but due to the heavily scattering nature of the tissue in the brain, it is not
suitable for imaging subsurface layers.

Two-photon laser scanning microscopy (TPLSM) of neuronal activity using Ca®
indicators is a powerful approach that allows for analysis of the inner workings of the brain at the
level of single cells for large groups of neurons within an awake behaving organism (O'Connor,
Huber et al. 2009, Peron, Chen et al. 2015). While electrophysiology approaches allow for very
accurate measurements of the neuronal circuit a few neurons at a time, TPLSM allows for the
simultaneous observation of hundreds to thousands of neurons (Peron, Freeman et al. 2015) and

thus yields information on the collective behavior of groups of neurons. Figure 1 shows an example



of two-photon data recorded in Auditory Cortex (ACX) in mice. FigurelA, shows one frame of
such data where neurons can be seen expressing GCaMP®6. For better visualization of non-active
neurons as well as active ones, the soma of the neurons are tagged with mRuby. Figure 1.B shows
the changes in fluorescence signal (DF/F) of each neuron in the field of view. The red box
highlights a number of frames where neurons are spontaneously firing in groups. TPLSM is often
coupled with behavioral studies to observe the response of a portion of the cortex with single cell
resolution to a certain sensory stimulus or task performed by the animal model (Francis,

Winkowski et al. 2018) .
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Figure 1. An example of two-photon data and calcium signal readout of neurons. A: One frame
of such data where neurons can be seen co-expressing GCaMP6 that labels the calcium influx and
mRuby that labels the soma for better visualization of neurons in the FOV. B: Changes in GCaMP6

fluorescence signal (DF/F) coming from each neuron marks if the neuron has been active. The red



box highlights a period of time in which neurons are firing spontaneously in groups. Courtesy of

Daniel Winkowski

These types of studies are very helpful for identifying the general functional connectivity
and network dynamics of the area of interest. However, due to the complexity of the stimulus
presented or the tasks performed, multiple convolved patterns of activity are generated that can be
hard to parse. The development of a deeper understanding of the neuronal connections requires
individual neurons to be activated in select groups. Advances in optogenetics and the emergence
of holographic microscopy has allowed for the interrogation of these distributed groups of neurons,
which collectively process information. This requires the simultaneous targeting of multiple
neurons. This targeting can be achieved using arrays that direct and modulate the intensity of light
on a pixel by pixel basis such as Digital Micromirror Devices (DMD) (Wang, Szobota et al. 2007,
Baier and Scott 2009, Chong, Moroni et al. 2020) DMDs are well suited for targeting multiple neurons
in transparent models such as C. elegans, where a single-photon regime is proven effective
(Helmchen and Denk 2005, Leifer, Fang-Yen et al. 2011). However, two-photon infrared
microscopy is better suited for non-transparent tissue such as mammalian brains. This is because
of the higher penetration of infrared light, and the quadratic dependence on intensity for two-
photon absorption which results in excitation localized to the focal volume (Helmchen and Denk
2005). DMD devices are not an efficient choice for two-photon excitation due to “off” pixels that
reflect light away from the sample, effectively wasting laser power. This power is needed for two-
photon excitation, due to its quadratic dependence on intensity and therefore requires focusing
light into high intensity points. Spatial Light Modulators (SLM) have proven more suitable for

such two-photon in-vivo applications due to their ability to modulate the phase of the light,



preserving the power of the beam during modulation (Nikolenko, Watson et al. 2008, Packer,
Russell et al. 2015, Chen, Papagiakoumou et al. 2018) (Marshel, Kim et al. 2019) (Forli, Vecchia
et al. 2018) (Carrillo-Reid, Han et al. 2019). Figure 2 shows an example of provoked activity in
targeted neurons using an SLM. In addition to having higher intensity, phase-only SLMs also allow
for the reconstruction of multiple target points in three dimensions (Dal Maschio, Difato et al.

2010) (Curtis, Koss et al. 2002).
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Figure 2. Two-photon photo-stimulation of targeted neurons using an SLM. (preliminary data,

for more details see Appendix A.2).

Neurons are co-expressing GCaMP6s and ChrimsonR-tdT. A: Averaged image of 100 frames of
the field of view B: DF/F of targeted neruons over 0.5 s photo-stimulation duration with 120Hz
modulation. The on-set and duration of the photo-stimulation is shown in red. The average activity

over all trials is shown in black.



SLMs interact with light through a pixelated array of rotating bi-refringence nematic liquid
crystals. These liquid crystals rotate in response to locally applied electric fields, and their rotation
corresponds to changing refractive indices. Beam shaping is accomplished by independently
moving the liquid crystal within every pixel with unique rotational shifts (Figure 3). These shifts
can modulate the phase of the beam according to a pre-calculated mask containing the phase
information of a desired intensity pattern (Toyoda, Inoue et al. 2015) (Hara, Sugiyama et al. 1985).
In order to calculate this phase mask, a phase-retrieval algorithm, for example Gerschberg-Saxton,
is often used (Nikolenko, Watson et al. 2008) (Jesacher, Bernet et al. 2014). When targeting
neurons using an SLM, we use a captured image of the sample to select neurons of interest. These
desired target points are then fed into the phase-retrieval algorithm to calculate the corresponding
phase mask. This workflow allows for arbitrary stimulation of desired neurons to probe multiple

aspects of neuronal circuitry.
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Figure 3. Beam shaping by an SLM. A: A cross-section of SLM pixels showing how changes in
Voltage can rotate the bi-refringence crystals and cause phase delays in the wavefront. B: Image

on an SLM and the SLM driver. Courtesy of Meadowlark, Inc.



Given this unique promise of ability and efficiency, the driving goal of my thesis is
understanding how we can leverage and enhance the synergy of spatial light modulators and
optogenetic tools to help understand the ways in which neurons “see” different input signals, and
further, alter their own connections in response to them.

In this work, | address these challenges through implementing a series of hardware and
software improvements focused around improving the relationship between 2P imaging and SLM-
based stimulation. In the first work, | demonstrate an improved method for tracking and correcting
the motion of in-vivo 2P fields of view through particle-based tracking methods. Motion
Correction serves to compensate for shifts in the imaging Field of View (FOV), and to increase
targeting reliability for SLM-based stimulation. In the second work, | introduce a new
configuration for SLM-based photo-stimulation experiments focused on improving the targeted
intensity pattern and correcting for holographic artifacts. This configuration relies on the use of
virtual Fresnel lenses to shift higher order light away from from the optical plane of the
unmodulated light, and as a result reduce so-called “ghost patterns”. These ghost patterns consist
of unintended features generated by light-SLM interactions which can erroneously activate non-
targeted neurons. Reduction of these patterns and undiffracted light in the plane of interest is shown
in both single and two-photon applications. In the third work, I introduce the use of optical vortices,
or light carrying orbital angular momentum, to reduce optical scattering and minimize
phototoxicity to neurons. | show the ability of optical vortices to open ion channels in 2P
stimulation of neurons in ex-vivo samples through correlation with patch-clamp measurements,
despite lower incident power density on the neurons. | also compare the scattering profile of optical
vortices with traditional points. In-progress work is then outlined, including experiments focused

on probing the fundamental plastic relationships of these neuronal networks by leveraging the fast



pattern switching speed of new SLMs. Finally, the multiple microscope configurations built during
the course of this work are detailed. Other work utilizing these microscopes are also briefly
covered. This body of work should serve as a set of improvements able to be adopted by other
groups in this field of holography and optogenetics and will push closer to the ultimate goal of

unlocking the secrets of the human brain.



1.Particle tracking facilitates real time capable
motion correction in 2D or 3D two-photon
Imaging of neuronal activity

This chapter was adapted from a manuscript published in Frontiers in Neural Circuits
(Aghayee, Winkowski et al. 2017). Samira Aghayee (SA) led analysis effort and drafted the
manuscript. Daniel E. Winkowski (DW) carried out experiments and contributed to analysis. Zac
Bowen (ZB) contributed to data analysis. Erin Elizabeth Marshall (EM) contributed to initial
analysis workflow. Matthew J Harrington (MH) contributed to workflow design and analysis,
Patrick O. Kanold (PK) and Wolfgang Losert (WL) designed the experiment and analysis workflow

and co-wrote the manuscript.

To accomplish this task of enhancing our understanding of neuronal networks by
leveraging the ability of the SLMs to shape light, we first need to be able to accurately identify
and target our cells of interest. Accurate targeting and identification of neuronal firing patterns
requires detection of neuronal activity of tens to thousands of individual neurons. Since detection
errors grow exponentially with the size of the observed neuronal population, detection inaccuracies
would lead to spurious measurements and conclusions. For example, with 97% accuracy for
identification of a single neuronal spike one can only achieve 74% accuracy for identifying
simultaneous activity of 10 neurons. Thus, to detect synchronous activity of 100 neurons with
more than 95% confidence, the detection of single neuron events must be made with close to 100%

accuracy.
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2.1. Abstract

The application of 2-photon laser scanning microscopy (TPLSM) techniques to measure
the dynamics of cellular calcium signals in populations of neurons is an extremely powerful
technique for characterizing neural activity within the central nervous system. The use of TPLSM
on awake and behaving subjects promises new insights into how neural circuit elements
cooperatively interact to form sensory perceptions and generate behavior. A major challenge in
imaging such preparations is unavoidable animal and tissue movement, which leads to shifts in the
imaging location (jitter). The presence of image motion can lead to artifacts, especially since
quantification of TPLSM images involves analysis of fluctuations in fluorescence intensities for
each neuron, determined from small regions of interest (ROIs). Here, we validate a new motion
correction approach to compensate for motion of TPLSM images in the superficial layers of
auditory cortex of awake mice. We use a nominally uniform fluorescent signal as a secondary
signal to complement the dynamic signals from genetically encoded calcium indicators. We tested
motion correction for single plane time lapse imaging as well as multiplane (i.e., volume) time
lapse imaging of cortical tissue. Our procedure of motion correction relies on locating the brightest
neurons and tracking their positions over time using established techniques of particle finding and
tracking. We show that our tracking-based approach provides subpixel resolution without
compromising speed. Unlike most established methods, our algorithm also captures deformations
of the field of view and thus can compensate e.g., for rotations. Object tracking based motion
correction thus offers an alternative approach for motion correction, one that is well suited for real

time spike inference analysis and feedback control, and for correcting for tissue distortions.

11



2.2. Introduction

Behaviorally relevant information in the brain does not reside in the firing events of
individual neurons, but instead in the collective activity of groups of neurons. Thus, understanding
the collective behavior of neurons is essential for understanding how the brain processes
information and encodes memory. Two-photon laser scanning microscopy (TPLSM) of neuronal
activity using Ca2+ indicators is a powerful approach that allows for analysis of the inner workings
of the brain at the level of single cells for large groups of neurons within an awake behaving
organism (O'Connor, Huber et al. 2009, Peron, Freeman et al. 2015). While electrophysiology
approaches allow for very accurate measurements of the neuronal circuit a few neurons at a time,
TPLSM allows for the simultaneous observation of hundreds to thousands of neurons (Peron, Chen
et al. 2015) and thus yields information on the collective behavior of groups of neurons.
Measurements of collective dynamics require accurate detection of neuronal activity of tens to
thousands of individual neurons. Since detection errors grow exponentially with the size of the
observed neuronal population, detection inaccuracies would lead to spurious measurements and
conclusions. For example, with 97% accuracy for identification of a single neuronal spike one can
only achieve 74% accuracy for identifying simultaneous activity of 10 neurons. Thus, to detect
synchronous activity of 100 neurons with more than 95% confidence, the detection of single

neuron events must be made with close to 100% accuracy.

Precise spike inference is particularly challenging in two-photon Ca?* imaging data where
neuronal activity is inferred by brightness fluctuations of imaged pixels within the regions of
interest (ROI). Current indicators, such as GCaMP6 (Chen, Wardill et al. 2013) are expressed in

the cytoplasm of the neuron, forming a ring surrounding the nucleus, thus when imaging a large

12



population of neurons, relatively few pixels contribute to the cellular signal. Displacement of the
neuronal somata over time from the defined ROIs can therefore perturb the inferred activity.
Therefore, before extracting neuronal activity from the image plane, it is essential to accurately
correct for motion which can be particularly large in awake behaving preparations. A number of
motion correction algorithms have been developed and adopted over the past two decades. For
example, a line by line motion correction method based on Hidden Markov Model (HMM) was
introduced to correct for line to line jitter notable at slower scanning rates (Dombeck, Harvey et
al. 2010). Other algorithms have been used for correction of both slow and fast movements
(Greenberg and Kerr 2009). However, the line to line jitter became less relevant at higher frame
rates and frame-to-frame motion correction is the main challenge today. One solution is a cross-
correlation based algorithm to find the translational shift of each frame with a reference image
(Miri, Daie et al. 2011). TurboReg (Thevenaz, Ruttimann et al. 1998) is a commonly used
implementation of this approach. A faster and more accurate implementation called MoCo has
recently been developed for Fiji Toolbox (Dubbs, Guevara et al. 2016). Fourier transform based
methods, e.g., the DFT approach (Guizar-Sicairos, Thurman et al. 2008) are fast, but do not detect
rotation. However, imaging ever-increasing fields of view to capture the activity of millions of
neurons (Sofroniew, Flickinger et al. 2016) will require methods that go beyond rigid body
translations and include rotations and also deformations in the field of view. Moreover, to facilitate
closed loop experiments, motion correction has to operate fast enough to extract neuronal activity
in real time. Two recent preprints (Pachitariu, Stringer et al. 2016) (Pnevmatikakis and
Giovannucci 2017) indicate complementary ongoing studies using a block-wise phase-correlation
algorithm. The preprints highlight either real time capability or the ability to detect deformations,

but not both. Here we introduce a particle-tracking based approach that is fast enough for real time
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implementation yet suitable for detection of large jitter and of image rotations and can be simply

expanded to correct for distortions.

We have developed a suite of analytical tools to quantify brain motion that adapts sub-pixel
accuracy object-tracking tools from the field of soft-matter physics (Aghayee et al. 2017). We use
these tools to characterize brain motion and to compensate for it with sub-pixel resolution at real
time speed. In addition, we compare the performance of our tools to established algorithms that
are used widely for motion correction. Specifically, we introduce a particle-tracking based image
analysis pipeline capable of significantly reducing in-plane motion, which yields more accurate
spike inference measurements. Though we only tested the algorithm off-line, the algorithm is fast
enough (processing up to 85 frames per second) to be used in real time analysis of calcium
transients for simultaneous imaging and photo-stimulation, and is amenable to extensions for 3D

motion correction.

2.3. Methods

2.3.1. Animals

All procedures were approved by the University of Maryland Institutional Animal Care

and Use Committee.

Adult wild type (C57) mice (>P40, range P40 to P100 at the time of experiments) of both
genders underwent a single aseptic surgical procedure in which they received an implant of a
titanium headplate, intracortical injections of adeno-associated virus delivering the gene of a
genetically encoded calcium indicator, and chronic cranial windows (Goldey, Roumis et al. 2014).

The titanium headplate design was a modified version of headplate presented in (Guo, Hires et al.
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2014) to allow access to auditory cortex. Adeno-associated virus
AAV1.hSynl.mRuby2.GSG.P2A.GCaMP6s.WPRE.SV40 (Addgene50942) (Rose, Jaepel et al.
2016) was obtained from UPenn Vector Core and injected into several locations (~30nL per site;
~300-350 um from pial surface; 3-6 sites) in the auditory cortex using a Nanoject system
(Drummond). This sequence allows for the expression of mRuby?2 throughout the neuron as well
as expression of Gcamp6s. The craniotomy was sealed with a chronic cranial window (Goldey,
Roumis et al. 2014). The entire implant except for the imaging window was then coated with black
dental cement created by mixing standard white powder (Dentsply) with iron oxide powder
(AlphaChemical, 3:1 ratio) (Goldey et al., 2014). At the conclusion of the procedure, the animals
were given a subcutaneous injection of meloxicam as an analgesic. After complete recovery from
surgery (>1-2 weeks), animals were habituated to the restraint system over several sessions. After

1 week of habituation, 2-photon imaging experiments commenced.

2.3.2. Imaging

For 2-photon imaging, we used a scanning microscope (Bergamo 11 series, B248, Thorlabs)
coupled to a pulsed femtosecond Ti:Sapphire 2-photon laser with group velocity dispersion
compensation (Vision S, Coherent). The microscope was controlled by ThorlmageLS software.
The laser was tuned to A = 940 nm in order to simultaneously excite GCaMP6s and mRuby2. Red
and green signals were collected through a 16x 0.8 NA microscope objective (Nikon). Emitted
photons were directed through 525/50-25 (green) and 607/70-25 (red) band pass filters onto cooled
GaAsP photomultiplier tubes (Hammamtsu). The field of view was 370 x 370 um. Imaging frames
of 512x512 pixels (pixel size 0.72 um) were acquired at 30Hz by bidirectional scanning of an 8

KHz resonant scanner. Beam turnarounds at the edges of the image were blanked with a Pockels
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Cell. The average power for imaging was <70 mW, measured at the sample. For single plane

imaging, imaging sites were ~150-270 um from the pia surface.

For volume scanning, axial motion was controlled with a piezo collar (Physik Instrument)
attached to the microscope body. The microscope objective was moved smoothly through a z-
distance of ~50 um across 11 imaging planes, two frames as the objective returned to the starting
position (i.e., flyback frames) were discarded. All images were acquired at 352 x 352 pixels (253
um x 253 um). The inclusion of multiple z-planes reduced our temporal resolution to ~3 frames

per second.

2.3.3. Motion Correction Algorithm

We use a cell tracking approach for motion correction, which consists of three steps: cell
extraction, tracking cells and calculating offsets and rotations of each frame, and correcting for it.

Cell finding algorithm: To extract the position of cells in the invariant channel over

background we use bandpass filtering and peak finding. Figure 4A shows a sample image of a
neuronal population with low signal to noise ratio. In this example we use a 16x objective and
image 512 x 512 pixels (at 0.72 um per pixel) such that a cell diameter is about 15 pixels. To
enhance the signal to noise ratio, the image is bandpassed with a lower threshold of 4 pixels to
remove pixel scale noise and an upper threshold comparable to (typically slightly smaller than) the
cell size (13 pixels). The resulting image is shown as Figure 4B. On this filtered image we use
automatic peak finding routines (Crocker and Grier 1996) to locate the position and size of each
peak in the image above a threshold that yields extraction of a user-defined number of cells. The
center is interpolated based on the brightness of all pixels in the bandpassed image within a user-

defined region of radius R. The extent of interpolation R is independent of the bandpass thresholds,
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and should be chosen smaller than the upper bandpass limit, since features of size larger than the
upper bandpass limit are suppressed in the filtered image. In this part, the user defines three
parameters: lower bandpass (noise level in the image), higher bandpass (cell size), and the number

of cells that are extracted in a sample frame.

Figure 4. Particle finding via bandpass filtering in the static channel. The scale bar is 100
pm. A) Typical frame acquired by TPSM. The low signal to noise ratio is in most cases unavoidable
due to high-speed scanning. B) Bandpassed image of the same frame with lower and higher
bandpass of respectively 4 and 13 pixels. C) The four brightest cells extracted by the algorithm

(yellow circles) Scale bar is 100 microns.

Cell tracking algorithm: Once cell positions are determined in each frame, individual cells

are mapped from frame to frame to enable unique identification of each cell. This is accomplished
by mapping cells from one frame to the next in such a way that the cumulative square displacement
between frames is a minimum value. Define A as the set of all one to one mappings from (1, ..., n)
to itself. Let a*e A be the arrangement that minimizes the cumulative square displacement value,

ie.:
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a* £ arg min {Z}(‘ﬂ[xa(k) (t +8t) — xp (t)]z} (Eq. 1)

aeA

where x,(8) refers to the position of the k™ cell at time §. Observe that the above
optimization is a bipartite minimum matching problem, which can be solved in polynomial time.

The tracking software can also be adjusted with a memory parameter to account for the
possibility that some cells may not be visible enough to be located in a subset of the frames. Cells
are then “remembered” for the subset of frames in which they are not visible. This mapping yields
trajectories for each cell that could be mapped through the image sequence. The user defines three
tracking parameters in this section. Apart from the memory parameter, the user sets the maximum
frame to frame translation expected in the dataset and the number of frames in which a track should

last to be valid.

Motion correction: From the shift in all measured trajectories in each pair of frames we

then infer the overall shift and rotation of each frame. While the shift in the positions of all tracked
neurons does not perfectly fit a rotation and translation (local distortions are also possible) we
compute the rigid body transformation (translation and rotation) that minimizes residual
displacements from one frame to the next using the Kabsch algorithm (Kabsch 1976, Kabsch
1978). These rigid body transformations are calculated for all frames to carry out motion correction

for the whole image sequence.

DefineV = (x1;, %31, .., xy;) E RN and W = (xy ¢, %55, ..., Xy r) € R¥N as position
vectors for extracted cells where i represents the positions in the frame (source) and f the average
positions we want to correct towards (target). Using the Kabsch’s algorithm it can be easily

observed that the optimal rotation matrix is:

18



R = (STS)z S~ (Eq. 2),
where S = VWT.

The Code is available through the GitHub link: https://github.com/saghayee/Tracking-

based-registration

Validation of subpixel motion correction: Subpixel precision can be achieved via peak

finding, but only if each peak spans a sufficient number of bright pixels. If subpixel precision is
achieved, the cell positions and subsequently the frame to frame motion, when measured in pixels,
fall anywhere between integer pixel values with equal probability. Thus, the residuals have a
random distribution between 0 and 1. Conversely, if peak finding and motion correction only
achieved pixel resolution, the distributions would peak around both 0 and 1. Examples of uniform

histograms for the residual values of both cell motion and frame jitter are shown in Figure 5.

Residual of position (Pixels)

o
-

Residual of frame motion (Pixels)

Figure 5. Validation of subpixel resolution particle finding and motion correction. A)

Distribution of the residual cell position after extraction for 67148 cells extracted from 15000
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frames B) Distribution of the frame-to-frame residual displacement. The uniform distributions

indicate sub-pixel resolution of both cell tracking and motion correction.

2.4. Results:

We quantify brain motion using object-tracking methods adapted from the field of soft-
matter physics outlined above. Fast, robust particle tracking algorithms have been first introduced
two decades ago (Crocker and Grier 1996) and refined extensively since then by others (Blair and
Dufresne 2008) and us (Losert, Bocquet et al. 2000). The particle tracking approach, described in
the Methods section in detail, takes advantage of the fact that neuronal cell bodies are roughly
spheroidal and resemble each other in size and shape. Our approach works best with a signal that
is independent of neuronal activity and thus under ideal circumstances would appear at uniform
brightness. This is achieved by transfecting neurons with constructs that besides supplying a Ca?*
indicator also label the nucleus or cytosol with activity independent label, e.g. mRuby2 or others
(Peron, Freeman et al. 2015, Rose, Jaepel et al. 2016). We benchmark our algorithm using image
sequences obtained from the primary auditory cortex in awake mice using GCamp6s for Ca?* and

mRuby2 as a somatic marker (AAV-syn-mRuby2-GCaMP6s).

Applying peak finding and particle tracking, detailed in the Methods section, yields the
motion of each neuron independently. The time dependent position of a single neuron is shown in
Figure 6A. Since tracks of nearby neurons look very similar (Figure 6B) it is reasonable to use
the tracks for motion correction as described above. We compute the translational and rotational
shift of an image from tracks of more than two points (N>2). Two reference points, though

sufficient in principle, are not enough given the uncertainty and errors in both imaging and
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processing. Since peak finding increases in accuracy with increased neuronal brightness, we use
the brightest N tracked neurons for the motion correction algorithm outlined in the Methods
section. To evaluate what frequencies most contribute to the motion, the power spectrum of jitter
is shown in Figure 6C. The power spectrum shows notable peaks on top of a regular noise spectrum
at frequencies of 7.7Hz and 9.7Hz comparable to the expected heartbeat of a mouse. Correcting
the position of each point for this jitter yields close to stationary points, with only very weak
residual fluctuations, as shown in Fig 3D. We note that natural jitter can include deformations and
rotations of the tissue. In the sample datasets, the algorithm detected rotations in the range of 0.6

degrees which corresponds to displacements of up to 3.6 um in a 370 um x 370 um image.

When benchmarking for processing speed, our algorithm yields analysis of 500 images in
5.87 seconds or 85 frames per second on a six core 3.5 GHz Intel Xeon Mac with OSX and 64Gb

of RAM.
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Figure 6. Particle tracking and residual cell motion. A) Tracks of a single neuron in time.

B) Tracks for three neurons highlight the similarities in trajectories C) Power spectrum of image
jitter, D) Tracks after motion correction.

The next step is to use the motion compensated images to identify neuronal Regions of
Interest (ROI) to be used for measurement of time traces of activity. Motion correction yields a
sharp averaged image (Figure 7B) compared to the uncorrected average (Figure 7A). While a
single frame is so noisy that peak finding only captures the brightest neurons accurately (Figure
3), peak finding on the averaged image reliably yields most of the cells visible by eye (Figure 7C).

These brightness peaks provide automated input for established algorithms to identify regions of
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interest (ROI) around each cell center, and to trace the image intensity in the ROI over time (Chen,

Wardill et al. 2013).

Figure 7. Cell finding from motion compensated averaged images in the static channel.

The scale bars are 100um (top) and 20um (bottom) A) Averaged image for the unregistered image

sequence B) Averaged image after motion correction C) Automated cell finding.

To measure motion correction quality, we run the algorithm on a simulated data-set with
known translational offsets and a known rotation of 1.2 degrees in order to compare the tracking-
based algorithm (blue) to the conventional DFT method (magenta) and MoCo algorithm (green).
Figure 8A shows the correlation between the detected offset along the y-axis versus the actual
offset applied to each frame where the maximum translational shift applied to the sequence is 10

pixels. Figure 8B plots the Pearson correlation coefficient between the detected and actual
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translational offsets versus the maximum translational offset applied to the image sequence for the

three methods.
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Figure 8. Comparative performance of tracking-based motion correction to other
common algorithms. A) Correlation of the detected frame to frame translation along the y-axis
versus the actual offset applied for tracking-based registration, DFT method and MoCo, where
the corresponding simulated sequences were shifted by a maximum of 10 pixels. B) A plot of the
Pearson correlation coefficient between the measured translation and actual translation along the
x-axis (dotted lines) and the y-axis (solid lines) versus the maximum translational shift applied to

the simulated sequence for each of the three algorithms.

Moreover, to show the effects of motion on the fluorescence signal we take advantage of
the nominally uniform brightness of the second (in this case red) fluorophore with time, which we

capture in a second, static channel. Therefore, the fluorescence intensity in each of the motion
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compensated ROI should be constant for the static channel. In fact, fluctuations in the static
channel are indicative of both inaccuracies in motion correction and acquisition noise that is
present in each individual frame as seen in Figure 3. We first measure the time sequence of these
fluctuations using the z-score as a normalized measure (Kato, Gillet et al. 2015). Figure 9 shows
the z-score of one representative cell as a function of time for the original image sequence, after
full image registration with TurboReg (Thevenaz, Ruttimann et al. 1998), and after tracking-based
motion correction. The unregistered image sequence has several sudden jumps in z-score
indicative of sudden large changes in position, as well as slow drift in z-score indicative of slower
shifts in the imaging location. Motion events (blue arrows) in particular may be misidentified as
neuronal activity in spike inference algorithms. Both TurboReg and particle tracking based motion
correction eliminate these artifacts. For all tracked neurons, the z-scores obtained with both motion
correction methods are comparable for both the second control fluorophore (Figure 9B) and for

the calcium signal (Figure 9C).
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Figure 9. Z-scores of tracking-based motion correction compared to TurboReg. A)
Comparison of normalized intensities (z-scores) of the static channel vs time for one
representative neuron. B) The z-scores obtained with tracking and TurboReg based motion
correction match for one representative neuron, and all neurons. C) Comparison of z-scores in

the calcium imaging channel (green) for tracking and TurboReg corrected images.

To assess how the quality of motion correction depends on tracking parameters and the
number of tracked cells, we analyzed the same image sequence with different choices for
parameter values, and compared the results with the DFT approach. For a robust baseline
comparison to established practice, we used manual cell identification from the averaged images
for all cases. Figure 10A shows the intensity fluctuation in the static channel measured from the

four brightest cells (red) and for all 254 cells detectable in the averaged image (blue). The tracking-
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based analysis is robust to changes in parameters (for the number of neurons N between 4 and 10
and bandpass levels of 13 to 15 pixels, comparable to the size of a neuron), and comparable to the
performance of DFT. Since the fluorescence from the static channel should be constant in time for
each neuron, and at the same time the fluorophore uptake and thus fluorescence intensity levels
vary significantly from neuron to neuron, we can determine whether fluctuations in measured
intensity depend on the brightness of the neuron. Figure 10B shows that after motion correction,
the fluctuations decrease with increasing brightness of the cell. For unregistered images, on the
other hand, fluctuations are independent of brightness. The dependence on brightness
approximately follows an inverse square root dependence on intensity, with a small intensity

offset, as expected for a noisy system.
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Figure 10. The effect of motion correction on perceived DF/F signal fluctuations. A)
Comparison of intensity fluctuations in the static channel for different tracking parameters with
the DFT corrected sequence and unregistered stack. Blue: all cells, Red: four brightest cells B)
Intensity fluctuation versus average brightness of each cell in the static channel. The blue cross

represents ROI extracted from the tracking registered stack while the circles in magenta are shows
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the ROI extracted from the unregistered stack. The red line shows the fitted curve to the registered

1
x—13.79

ROIs (

).

Finally, we assess whether our new tracking based motion correction yields a good Signal
to Noise Ratio (SNR) for the Ca®* signal that represents neuronal activity fluctuations in the
GCamp6 channel. The SNR is calculated as the mean of the signal (defined as the local maxima
of the transient crossing a threshold at z-score of 3) divided by the standard deviation of the noise
(defined as anything below this threshold). This measurement is particularly sensitive to the
robustness of the algorithm, since the SNR depends on peaks in brightness above a threshold as
shown in Figure 11A. We find very similar, if not slightly higher, SNR for each neuron with our

tracking-based motion correction approach when compared to TurboReg.
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Figure 11. Effect of tracking-based motion correction on detected SNR. A) SNR
calculation for one neuron B) SNR correlation of tracking registration vs TurboReg for all neurons

in the FOV
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As an added benefit, the tracking-based approach to motion correction also registers
volume images. Volume imaging has become feasible due to the availability of faster scanning
methods. Since Ca?* signal has a time constant of 500ms (Chen, Wardill et al. 2013) it is now
possible to record neuronal activity in several z-regions with a frame rate of 30Hz without
significantly diminishing acquisition concurrency. Volume imaging can allow for imaging of
neurons in different layers, or to provide additional information about the same neurons. When
applying our in-plane motion correction approach to image sequences, we shift each frame so
neurons in the compensated image appear at the mean position when compared to all uncorrected
images (i.e. we choose the mean image position as a reference position). For long enough image
sequences, the mean positions of different z-planes coincide as we can see when identifying
neuronal positions in multiple planes. Thus, correcting each plane to its mean position is sufficient
to align a whole 3D volume. This is demonstrated in Figure 12. Six neurons that are extracted from
a single frame are shown in Figure 12A. Figure 12B shows the uncorrected position overlays of
six bright extracted neurons from different z-planes over time. Note that often the same neuron is
picked-up by the algorithm in multiple neighboring z-planes. The corrected overlays are illustrated
in Figure 12C after motion correction was carried out for each image plane independently. Motion
correction to the average position yields a simple, yet powerful approach to create aligned 3D
volume time lapse images. From such registered image stacks it is then possible to identify the
average z-position of a neuron as well, based on the z-dependent fluorescence intensity of the ROI
around a peak, as shown in Figure 12.D, E. Thus our approach can be extended to ultimately

compensate for motion perpendicular to the imaging plane as well.
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Figure 12. Extension of peak finding to three dimensions. Images are from the static
channel. A) Sample image with 6 extracted cells. B) Overlay of the six cells identified in all layers
at all times (unregistered) C) Overlay of cell position after motion correction D) Brightest cells
are extracted independently from each z-plane of the volume data image. Extracted cells are
tracked through data acquisition timepoints for every plane. E) Intensity of two sample cells in

different Z planes.
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2.5. Discussion:

We introduce peak finding and particle tracking as a new motion correction approach that
is fast and compatible with the low SNR nature of TPLSM neural activity data. The speed allows
for future expansion to a real-time feedback loop between imaging and stimulation, which will be
critical as optogenetic experiments grow in complexity, as the kinetics of calcium indicators
increase in speed, and as genetically-encoded voltage increase in popularity. Our approach
performs best with a time-invariant fluorescent signal generated with a secondary fluorophore.
This secondary fluorophore is often provided by expression labelling tags of channelrhodopsins.
While having a second fluorophore would otherwise add experimental complexity outside of
optogenetic experiments, it not only facilitates accurate and fast motion correction but also yields
independent fiduciary markers for each neuron. This allows for identification of all neurons

independent of their activity levels.

The tracking-based motion correction introduced in this paper does not rely on an averaged
image for accuracy. Instead, it extracts the position of a few reliable bright cells in every frame,
tracks them over time, and corrects for the displacement without using the averaged image as
reference. Tracking only the brightest cells is both more reliable and faster computationally.
Subpixel accuracy increases with the pixel size of a neuron, and does not require additional
computations such as up-sampling. Since each tracked cell is corrected to its mean position
independently, the tracking method can be expanded for use in cases where distortions of the tissue
become important, e.g. near blood vessels or when imaging very large areas. In addition, it can
correct for rotations of the FOV that lead to displacements of 7um in a 370um x 370um as

confirmed by simulations. While we only detect rotations of up to 0.6 degrees in the experiments
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when imaging an area of 370 by 370 microns, a comparable rotation would be very problematic
when imaging at the mesoscale of several mm (Sofroniew, Flickinger et al. 2016, Stirman, Smith

et al. 2016).

Our particle tracking based approach complements prior published work including whole
image/region based registration algorithms such as TurboReg or MoCo (Dubbs, Guevara et al.
2016), and Fourier based methods such as DFT registration (Guizar-Sicairos, Thurman et al. 2008).
Our approach has comparable accuracy, but as noted above yields subpixel resolution and rotation
tracking without loss of performance. Since motion correction is based on measured displacements
of individual cells, it will be possible to fit the measured displacements to image deformations as
well. These advances in motion correction and spike inference methods should aid in improving
data quality in imaging experiments (Harris, Quiroga et al. 2016), especially for mesoscale

microscopy where image deformations and rotations are expected to become too large to neglect.

Peak finding has a second purpose in the workflow we introduce: Once image sequences
are motion compensated (by any method) the peak finding algorithm is applied to the averaged
images to determine the position of almost all cells visible to the eye in an unbiased way. Having
a reference signal that is time invariant allows for calibration of the signal to noise ratio and aids
in robust peak finding. Conversely, the subpixel accuracy motion correction — and the ability to
adjust for local deformations of the image field if needed based on the independent track of each
neuron — is a strong basis for advanced spike inference and analysis tools. A novel phase
correlation based method for example, assumes motion correction (Pnevmatikakis and

Giovannucci 2017).
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Since the analysis yields in-plane motion correction that is registered across planes for
three-dimensional image sequences, our approach provides a basis for motion correction in all
three dimensions in real time, which promises to further enhance the signal to noise ratio and thus
enable even more accurate determination of the neuronal code for identifying spatio-temporal

patterns of interest in the network.
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3. High Fidelity Spatial Light Modulator
Configuration for Photo-stimulation

This chapter was adapted from a manuscript published in Frontiers in Physics; Optics and
Photonics. Samira Aghayee (SA) designed the single photon and two-photon photo-stimulation
optical setup, led analysis effort and drafted the manuscript. SA and Phillip Alvarez (PA) co-
designed and built the custom two-photon microscope. Mitchell Weikert (MW) carried out the
single photon experiments and contributed to analysis and drafting the manuscript. Gabriel Frank
(GF) contributed to workflow design, Wolfgang Losert (WL) designed the experiment and analysis
workflow and edited the manuscript.

Patent under review, application number: 16/533,330

3.1. Abstract

For their capacity to shape optical wavefronts in real time into any desired illumination
pattern, phase-only Spatial Light Modulators (SLM) have proven powerful tools for optical
trapping and micromanipulation applications. SLMs are also becoming increasingly utilized in
selective photo-stimulation of groups of neurons in the brain. However, conventional SLM based
wavefront modulation introduces artifacts that are particularly detrimental for photo-stimulation
applications. The primary issue is the unmodulated light that travels along the Oth order of
diffraction. This portion of light is commonly blocked at the center of the object plane, which
prevents photo-stimulation in the blocked region. We demonstrate a virtual lens configuration that
moves the 1st order diffraction with the desired illumination pattern into the Fourier plane of the

Oth order light. This virtual lens setup makes the whole field of view accessible for photo-
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stimulation and eliminates the need for removing the Oth order light in two-photon applications.
Furthermore, in an example application to reconstruct a pattern consisting of an array of points,
the virtual lens configuration increases the uniformity of the intensities these points. Moreover,
diffraction-induced artifacts are significantly reduced within the target plane. Therefore, our

proposed high fidelity configuration yields target points with high signal to noise ratio.

3.2. Introduction

Optogenetics has brought transformational capabilities to neuroscience: the ability to not
only measure but also manipulate the activity of neurons by light targeted at single neurons. This
has fundamentally altered how we can address two challenges that are the essence of neuroscience:
understanding neuronal connectivity patterns and spatiotemporal patterns of activity in the brain.

Optically measuring the activity of neurons using techniques such as calcium imaging have
allowed for powerful, minimally invasive approaches to investigate the neuronal circuitry in the
brain (Wang, Wong et al. 2003, Chalasani, Chronis et al. 2007, Fletcher, Masurkar et al. 2009,
Dombeck, Harvey et al. 2010, Fishell, Arbelaez et al. 2020, Sherafati, Hassanpour et al. 2020).
Since the advent of optogenetics, all-optical approaches have been introduced to carry out both
recording and manipulation of neuronal populations (Hirase, Nikolenko et al. 2002, Boyden,
Zhang et al. 2005, Miesenbtck and Kevrekidis 2005, Nagel, Brauner et al. 2005). Many global
stimulation techniques exist, such as stimulating groups of neurons with banks of LEDs (Huber,
Petreanu et al. 2008). However, selective targeting of individual neurons with coherent light is
becoming more and more popular.

Stimulation of individual neurons with light often does not alter the information flow in the brain

in a substantive way. Emerging evidence shows that information in the brain is encoded in the
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simultaneous or avalanche-like firing of multiple neurons, and that these neuronal groups are
usually not direct neighbors (Chong, Moroni et al. 2020). Interrogating these distributed groups of
neurons, which collectively process information, requires simultaneous targeting of multiple
neurons. This can be achieved by arrays that direct and modulate the intensity of light on a pixel
by pixel basis such as Digital Micromirror Devices (DMD) (Wang, Szobota et al. 2007, Baier and
Scott 2009). DMDs are well suited for targeting multiple neurons in transparent models such as C.
elegans, where a single-photon regime is proven effective (Leifer, Fang-Yen et al. 2011).
However, two-photon infrared microscopy is better suited for non-transparent tissue such as
mammalian brains, because of the higher penetration of infrared light, and its quadratic
dependence on intensity which results in excitation localized to the focal volume (Helmchen and
Denk 2005). DMD devices are not an efficient choice for two-photon excitation due to “off” pixels
that reflect light away from the sample, effectively wasting laser power. This power is needed for
two-photon excitation, due to its quadratic dependence on intensity and therefore requires focusing
light into high intensity points. Spatial Light Modulators (SLM) have proven more suitable for
such two-photon in-vivo applications due to their ability to modulate the phase of the light,
preserving the power of the beam during modulation (Nikolenko, Watson et al. 2008, Packer,
Russell et al. 2015, Chen, Papagiakoumou et al. 2018, Forli, Vecchia et al. 2018, Carrillo-Reid,
Han et al. 2019, Marshel, Kim et al. 2019). In addition to having higher intensity, phase-only SLMs
also allow for the reconstruction of multiple target points in three dimensions (Curtis, Koss et al.
2002, Dal Maschio, De Stasi et al. 2011). However, since SLMs create the desired light field as a
1t order diffraction pattern from a pixelated phase pattern, they have imperfections and an
additional reflected 0™ order light field (Zhang, You et al. 2014, Toyoda, Inoue et al. 2015). The

0™ order light is focused in the same plane as the modulated light and can be seen as a bright spot
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in the center of the image plane in typical SLM based multipoint stimulation systems (Figure 13A).
In neuroscience applications, this would generate additional photo-stimulation at this location, and
for optical micromanipulation applications, this creates an inaccessible zone right in the center of
the field of view (Banerjee, Chowdhury et al. 2011). In addition to this unwanted 0™ order focal
point, “ghost patterns” also appear, as shown in an intensity-adjusted image (i.e. displaying the log
of intensity) in Figure 13B. These ghost patterns are due to the phase-only nature of many
commonly-used SLMs, including the one used in this study, and usually reflect the specific
symmetries of the phase modulation pattern. The imperfections have first been noted in other
applications of spatial light modulators that are dependent on the exact shape of a light field, such
as optical trapping (Lee and Grier 2005, Polin, Ladavac et al. 2005, Hesseling, Woerdemann et al.
2011), where force measurements depend on an accurate gradient of light intensity. Ghost patterns
also lower the signal to noise ratio for photo-stimulation applications. Figure 13C is the target

intensity pattern used for calculating the phase mask, and Figure 13D is the associated phase mask.
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Figure 13. The Unmodulated Light focuses to a central bright spot and ghost patterns are
formed due to diffraction from the SLM.A: Intensity pattern from the conventional beam path
captured by an sCMOS camera that is positioned in the object plane. The unmodulated light is
focused at the center of the field of view (FOV) by the objective lens creating an undesired central
focal point. B: intensity-adjusted representation of A highlighting ghost patterns. C,D: Target

intensity pattern and its corresponding phase mask.
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Spatial filters are commonly used to block the 0™ order light at the point in the light path
where it first comes to focus (Nikolenko, Watson et al. 2008, Paluch-Siegler, Mayblum et al.
2015). However, because 0™ order (unmodulated) and 1% order (modulated) light come into focus
in the same plane, it is not possible to block one without the other, i.e. it is not possible to generate
points within the blocked region.

Optical designs that are based on higher order diffraction can be used to achieve complete
blocking of the unmodulated light without having an inaccessible central region (Golan, Reutsky
et al. 2009, Matar, Golan et al. 2009, Farah, Zoubi et al. 2013). However, such designs require
filtering out unmodulated light using a slit, which cuts the SLM field of view in half of its original
size for binary SLMs. Moreover, less laser power is transmitted through higher order diffraction
patterns. Grating-based methods have been developed that utilize SLMs capable of modulating to
4m phase delay, to simultaneously modulate for two phase masks in order to remove the replicated
higher orders as well as the Oth order (Jesacher, Bernet et al. 2014). However, the accessibility of
these techniques is somewhat limited due to the popularity of SLMs with a maximum phase
modulation of 2.

Removing the O™ order from the object plane by axially shifting the focus of the
unmodulated light has been suggested using a slightly converging incident beam on the SLM. The
modulated light is shaped by the SLM into collimated beam, which focuses in the object plane,
whereas the unmodulated beam is focused above the object plane (Polin, Ladavac et al. 2005).
However, this configuration has limitations. First, because the unmodulated light comes into focus

above the object plane, the sample thickness is limited in this approach. Second, because a beam
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block is implemented in a plane where the modulated light is not collimated, both the phase and
amplitude information from the modulated light is obstructed. This results in partially occluded
intensity patterns. An alternative approach to limit Oth order light is through computational
removal(Palima and Daria 2007). This method, which requires calculating a hologram that
superimposes and cancels the unwanted intensity, is simple to implement from a hardware
perspective, but requires complete characterization of the amplitude and phase components of the
Oth order beam, which is unique to each pattern imposed on the SLM.

Here we address the problem of imperfections and inaccessible regions using a modified
beam path with a “virtual” lens added to the calculated holographic pattern which replaces one of
the real lenses in the system in the Fourier plane of the incident light. In addition, we show the use

of such a configuration in a two-photon application with our custom built two-photon microscope.

3.3. Optical design

To decouple the focal planes of the unmodulated and modulated light, we added an
additional focusing lens to the diffraction pattern programmed into the SLM. The SLM is thus
programmed to display a modular sum of two phase modulations: the phase-mask corresponding
to the target intensity pattern and a Fresnel lens. Since only the modulated light is affected by the
virtual lens, the beam path is configured such that the modulated light focuses in the Fourier plane
of the unmodulated light, and the unmodulated light focuses in the Fourier plane of the modulated
light.

To compare this novel optical configuration with the conventional configuration we set up
a system with optical paths for the conventional and the virtual lens configurations (Figure 14A).
The beam path in cyan shows the conventional configuration and the beam path in magenta shows

our virtual lens configuration. The two beam paths were set up to have an identical layout, except
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that the conventional beam path uses a real lens, L3, after the SLM instead of the virtual lens phase-
mask displayed on the SLM (Holoeye LC-R 2500) which was used for the virtual lens beam path.
In the conventional beam path, L3 and L4 are placed with a 4-F configuration to image the phase
mask containing the phase information in the back focal plane of the imaging lens (L5). A similar
4F configuration is obtained in the virtual-lens path, by using the virtual-lens and L6 couple. As
illustrated in Figure 14, the SLM surface projecting the virtual lens is positioned at a FutFis
distance from L6. The conjugated phase mask plane forms at the back focal plane of the imaging
lens (L7). Additionally, in the conventional beam path, L3 is placed at its focal length from the
SLM and L4 and L5 are placed in 4-F configuration with respect to the intermediate image and
object planes to maximize the pupil of the lens system. In the virtual lens beam path, L6 and L7
are placed in 4-F configuration with respect to the intermediate image and object planes so that
they play the same role as L4 and L5. For consistency between the two beam paths, L6 and L4
were both chosen to have a nominal focal length of 400mm and L7 and L5 were both chosen to
have a nominal focal length of 500mm. The focal length of the virtual lens displayed on the SLM
was set equal to the nominal focal length of L3, which was 400mm because the virtual lens and
L3 both serve the same function.

Figure 14B shows ray diagrams for each of the two beam paths. The unmodulated light is
represented in black while the modulated light is shown in cyan in the conventional beam path and
magenta in the virtual lens beam path. In the conventional configuration, the unmodulated light
focuses to a bright point along the optical axis in the object plane. Traditionally, a spatial block is
used at the center of the intermediate image plane to remove this 0™ order point. This spatial block
also prevents the modulated light from reaching the center of the image plane (dashed lines).

Alignment is performed in a similar fashion as traditional lens alignment. A virtual lens is projected
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onto the surface of the SLM and L6 is added such that the focal lengths of the SLM and L6

coincide. Collimation can be checked using a sheering interferometer, and fine adjustments can be

made by shifting L6 back and forth on an optical table to achieve collimation. A similar effect can

also be achieved by changing the focal length of the virtual lens displayed.
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Figure 14. Optical layout for comparison of the conventional and virtual lens configuration.

A: M1 and M2 are mirrors that steer the beam into the system. The half wave plate (HWP) and

polarizer (Pol.) work in concert to pass light to the SLM at its designed polarity. The set of L1 and

L2 lenses expand the beam to fill the SLM. M3 and M4 center the beam on the SLM. M5 is a

removable mirror that, when in place, reflects the beam to the conventional beam path (cyan) and
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when removed, allows the beam to pass to the virtual lens beam path (magenta). L3, L4 and L5
are the sequence of lenses that project the illumination pattern on the sSCMOS camera on the
conventional path, M6 is the mirror that in absence of M5 reflects the beam into the virtual lens
beam path and L6 and L7 are the sequence of lenses required to project the illumination pattern
on the SCMOS camera. The spatial blocks are placed on the optical axes in the front focal planes
of lenses L3 and L6. B: the ray diagram of the conventional (cyan) and virtual lens (magenta)
configurations. The phase masks displayed on the SLM are shown on the left.

The outline of the formed image in the object plane can be traced by an example ray
diagram in cyan. The ray diagram for the unmodulated light is shown in gray. Note that the central
portion of this image is obstructed due to the use of the spatial block. In the virtual lens beam path,
however, the unmodulated light is decoupled from the modulated light and instead of coming into
focus as a bright central spot, it is collimated in the intermediate image plane, forming a dim
Gaussian background intensity. The ray diagram of the unmodulated light is shown in gray. To
remove this background from the object plane, a spatial block with (D=3 mm) can be positioned
in the focal plane of L6 (intermediate image plane) where the unmodulated light comes to focus.
However, since the modulated light is collimated in this plane and carries only the phase
information, the image formed in the object plane remains intact. Subsequently, the field of view
of the SLM remains fully accessible. The ray diagram in magenta shows the outline of the resulting
image formed in the object plane. As illustrated in the diagram, in contrast to the conventional

beam path, the central portion of the image is not blocked.

In order to decouple the two intermediate image planes for unmodulated and modulated

light, the SLM displays a modular sum of two phase modulations: the phase-mask computed with
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the Gerchberg-Saxton algorithm applied to the target intensity pattern and a phase-modulation of
a convex lens with a focal length equal to that of L3 (F,, = F,3). Such an SLM display gives the
modulated light the combined phase modulation from these two masks at the same time and causes
the image to focus after the SLM, but before L6. The use of a spatial filter in this configuration
reduces the intensity of the desired pattern created by the SLM uniformly and proportional to the
size of the beam block. The field of view of the SLM remains fully accessible in this configuration
as illustrated by the ray diagram in magenta/gray, which shows a 1% order diffraction image formed
in the object plane. To implement this design in a microscope, the optical train and virtual lens
should be designed such that the phase mask, rather than the SLM surface is imaged onto the back
focal plane of the objective and fill the back aperture, i.e. the back aperture of the objective is

positioned at lens L7’s back focal plane.

3.4. Results

3.4.1. Virtual Lens Makes the Full Field of View Accessible for SLM Optical Stimulation

First we verified the expected effects of the conventional and virtual lens beam paths on
the accessibility of the field of view using a Cartesian axis intensity pattern (Figure 15A) generated
by the phase mask in Figure 15B. Figure 15C-D show images of the generated intensity captured
at the object planes of the conventional configuration (Figure 15C) and virtual lens configuration
(Figure 15D) without a spatial block. As expected, the unmodulated light focuses to a point at the
center of the image plane in the conventional configuration, while in the virtual lens configuration
the unmodulated light has a wide low-intensity Gaussian profile proportional to the light intensity
profile of the expanded and collimated laser beam. Figure 15E-F show both configurations with a

spatial block. In the conventional configuration light is blocked in a region around the center
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whose width is proportional to the size of the beam blocker. In the virtual lens configuration, the
pattern has uniform brightness, demonstrating that uniform accessibility of the whole field of view

is achieved.
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Figure 15. Comparison of virtual lens and conventional configuration performance combined
with an additional spatial block. A: The target intensity pattern for a Cartesian axis. B: The
corresponding phase mask. C-F: The resulting intensity patterns seen by the camera in each beam
path in the presence or absence of a spatial block for the beam paths. C: The unmodulated light
focuses into a bright central spot in the conventional path without a spatial block. D: The
unmodulated light does not come into focus anywhere after the imaging lens in the virtual lens
beam path, and creates a very dim gaussian background intensity. E: Using a spatial block in the
conventional path removes information from the center of the FOV, making it inaccessible for
photo-stimulation. F: Using a spatial block in the virtual lens beam path removes the background

gaussian intensity generated by the unmodulated light, while keeping the entire FOV accessible.

3.4.2. Virtual Lens Beam Path Increases Fidelity of Target Points

To compare the intensity pattern generated by the SLM in each beam path, we used an eleven-by-
eleven matrix of points as a target illumination pattern. In order to ensure that differences in the
SLM-generated intensity patterns from each path are only due to the difference in their optical
configurations, spatial filters for blocking the zeroth order of diffraction were not used in either
path. A revised version of the Crocker-Grier object-finding algorithm was used to locate the target
illumination points in each image. The integrated intensity and standard deviations in major axis

lengths were calculated for each generated point and compared between the two beam paths.

Figure 16A and Figure 16B show the SLM generated patterns for the conventional and
virtual lens beam paths respectively. A logarithmic adjustment was applied to the intensity map.

To compare the quality of the points generated by each path, the width of each point was quantified
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by fitting its intensity profile to a 2-dimensional Gaussian and registering their widths (oxand, oy).
The average image of the points in the conventional beam path (excluding the 0" order) and the
virtual lens beam path is shown in Figure 16C (right and left images respectively). Figure 16D
shows the distribution of the 2D standard deviation for all generated points. The results indicate
that the use of the virtual lens configuration leads to comparably sized points to their counterparts
from the conventional beam path, despite the suboptimal Fresnel lens formed by the pixelated
array of the SLM. Of note, however, is the increased variance in focal point size in the virtual lens
configuration. This could be caused by a modulated point spread function due to a more limited
opening angle of the light cone produced by the SLM, an effect induced by the imposition of the
lens function (Jesacher, Roider et al. 2013).

In photo-stimulation applications in neuroscience, uniformity in size is less important due
to irregularities in the shape and size of neurons, but uniformity in intensity is of particular
importance, due to a desire for low variance in induced photocurrent across multiple channels.
Figure 16E shows the histograms of the integrated intensity of all pixels above a fixed threshold
in each extracted point. This fixed threshold in turn is set by the general size of the reconstructed
points and is the same for the conventional beam path and the virtual lens beam path. The standard
deviation of the intensities generated is 29% of the mean intensity in the conventional beam path
and 13% in the virtual lens beam path (P=0.025). Therefore, while the points in the conventional

and virtual paths have similar mean intensities, the latter are more uniform.
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Figure 16. Quantification of the fidelity of reconstruction of an array of points by the
conventional and virtual paths. A: The intensity pattern generated at the object plane in an array
of eleven-by-eleven points captured by the camera in the conventional beam path and B: the virtual

lens beam path. C: The averaged intensity heat map of the SLM generated points created in the
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conventional (right) and the virtual lens beam path (left). D: The distribution of standard deviation
for afitted 2D Gaussian to each of the generated points in their orthogonal-axes. E: The integrated
intensity distribution of the generated points in the conventional beam path and the virtual lens
beam path. F: Background intensity distribution (per pixel) for virtual lens beam path, and the

conventional beam path excluding the Oth order.

3.4.3. Virtual Lens creates fewer and lower intensity ghost patterns

Another benefit of the virtual lens beam path is its ability to remove undesired ghost
patterns from the object plane by displacing them axially into other focal planes. In order to
visualize these speckles, Figure 16A-B show examples of the array of points image from the
conventional beam path (A) and the virtual lens beam path (B). A logarithmic adjustment was
applied to the intensity map. These ghost patterns contribute to the background intensity and they
are problematic for precise photo-stimulation as they deliver light to arbitrary locations of the field
of view. To demonstrate how these ghost patterns contribute to the background intensity, Figure
18F shows the histogram of the background intensity for the conventional beam path and the
virtual lens beam path. The virtual lens beam path yields dimmer background intensity despite
having the unfocused unmodulated light in the background. Using a block for the unmodulated
light can further reduce this background intensity.

To locate and quantify the ghost patterns in the previously shown dot matrix pattern,
features were extracted for a fixed low threshold for the conventional and virtual lens beam path.
A total of 607 ghost features were found in the conventional beam path whereas only 72 features
were found for the virtual lens beam path. Moreover, to have a measure for the signal to noise ratio
(SNR) in both beam paths, we calculated the ratio of the dimmest target point to the brightest ghost

feature for both paths. The SNR for the conventional beam path is 1.21 and for the virtual lens
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beam path is 8.8. Thus, not only does the virtual lens path yield fewer ghost patterns, but it also
reduces the peak intensity of the ghost patterns. Since the formation of ghost patterns is dependent
on the symmetry of the target intensity pattern, we also measured the ghost pattern intensity for a
ring of points, which has a different symmetry than the previous pattern. Using the same threshold
as before, 71 ghost features were extracted in the conventional beam path. However, only 25 ghost
points were extracted in the virtual lens beam path. The dimmest point was significantly brighter
than the brightest ghost pattern for this ring arrangement of points, with the signal to noise ratio of

the two at 21.72 and 26.72 respectively for the conventional and the virtual lens beam paths.

3.4.4 Validation of the Virtual Lens Configuration in Two-photon Application

We have adopted the virtual lens configuration in a custom built two-photon microscope.
This microscope consists of one upright microscope (Sutter Instruments) and one inverted
microscope that both focus on the same object plane as illustrated in Figure. 17A. The virtual lens
path uses a Boulder Nonlinear Systems 1536x1536 SLM. The system also has a second path that
uses a galvo-resonant pair for two photon imaging. No 0" order blocker is used in our two-photon
microscope. The bottom inverted microscope, shown below the sample plane in Figure. 17A, is a
Nikon TE200 with additional motorized stage and focus drive, connected to a Hamamatsu
ImagEM X2 EMCCD set up to perform epifluorescence microscopy and to collect the fluorescent
emission from the sample. The camera is equipped with a filter that blocks the 1040nm
illumination (Thorlabs FESH1000). For this demonstration we are using a 20X Olympus Objective
with 1.00 NA (XLUMPLFLN20XW) for the top microscope and a 25X Olympus objective with
1.05 NA (XLPLN25XWMP2) for the bottom microscope.

In this system we are able to demonstrate that a virtual lens configuration is compatible
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with two-photon excitation. A long focal distance virtual lens (F\i=600mm) is used for two
reasons: First, a longer focal distance lens leads to Fresnel fringes that are spaced further apart,
limiting the interference with the added phase mask. Second, the higher order diffraction patterns
generated by the weaker Fresnel virtual lens will become further spaced apart axially from the first
order of diffraction. To show the two-photon capability of the photo-stimulation path we used a
thin, uniform fluorescent sample made by a droplet of 2 mM X-Rhod-1, AM dye in 100% dimethyl
sulfoxide (DMSO), sandwiched between two No. 1.5 coverslips in the object plane. We illuminate
the sample with a 1040nm laser modulated with a superposition of a virtual lens and a phase mask
that produces a ring of 16 focal points. A sample image of the ring of points as captured by the
camera is shown in Figure 17B. This result shows that even in the absence of a spatial block, only
the intended target points generate two-photon fluorescence. This demonstrates the suitability of
our virtual lens configuration to neuroscience photo-stimulation experiments utilizing two-photon

excitation principles (Ronzitti, Ventalon et al. 2017, Bovetti, Moretti et al. 2019).
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Figure 17. Two-photon optical layout and result. A: Schematic of the optical layout for two-
photon photo-stimulation and imaging. The two-photon photo-stimulation path uses the fixed
output of the laser (Coherent Chameleon Discovery), shown in orange, and is shaped by a BNS
1536x1536 SLM in a virtual-lens configuration with an Fy=600mm. The two-photon imaging path
that uses the tunable output of the laser is shown in blue and is scanned by a galvo-resonant pair
(GRS). The two beams are combined by a notch dichroic (Di1, Semrock NFD01-1040) before
entering the objective. The bottom inverted microscope, shown below the sample plane, is a Nikon
TE200 with additional motorized stage and focus drive, connected to a Hamamatsu ImagEM X2
EMCCD, collects the fluorescent light. Note that there is no 0" order block in this layout. B: The
two-photon image formed by the SLM captured by the inverted microscope. Only the intended

target points are generated by the two-photon excitation.

Additionally, while ghost patterns are still formed, they occur in deeper planes and thus
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have reduced impact in many experimental settings, especially those in neuroscience, due to
additional absorption and scattering. Below, we demonstrate this axial displacement of the ghost
patterns, created by the second order of diffraction, with respect to the target pattern (Figure 18).
Figure 18A shows the target pattern at the object plane (Z=0um). The objective is then moved
away from the sample until the second order of diffraction comes into focus at Z=40um (Figure
18B). To compare the intensities created in each point, the peak intensity from each point is
extracted. Figure 18C shows the distribution of the peak intensities. The first order of diffraction
is shown to be approximately 4-fold more intense than the points comprising the second order

ghost pattern.
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Figure 18. Two photon images of first and second order diffracted light.

A thin fluorescent sample is used, sitting at the object plane of both the bottom and top objectives.
A: The first order of diffraction forms at the object plane. B: The top objective is moved axially
away from the sample by 40 zm where the second order pattern is formed. C: The distribution of

peak intensity at each point.
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3.6. Discussion

Holographic multiphoton stimulation of multiple neurons is emerging as a powerful
technique to understand and modulate the operation of the brain. Spatial light modulators are
capable of splitting a single laser beam into multiple points, and optogenetics leverages this
capability for targeted activation of multiple neurons. Since information flows through
interconnected networks of neurons, the ability to selectively activate groups of neurons is critical
for understanding brain function. In this work, we have introduced a virtual lens configuration that
addresses several limitations of widely used SLM approaches.

First, we separate the focal planes of the unmodulated light from the modulated light such
that the unmodulated light focuses in the Fourier plane of the modulated light. This provides
significant benefits for studies involving optical stimulation of the brain. The entire field of view
in the object plane remains accessible for optical stimulation, and the unmodulated light can be
removed without substantial information loss by a spatial block positioned after the first physical
lens. This new capability is critical when aiming to stimulate neurons in vivo, as targeted neurons
may be located anywhere in the field of view. Furthermore, it is possible to remove the spatial
block without generating a high intensity 0 order focal point anywhere in the sample volume (the
region after L7) since the unmodulated light is collimated after L7.

This configuration also improved the uniformity of the targeted points in the field of view.
Moreover, we show that the size and shape of the points generated in both paths remain comparable
despite the use of a more complex phase modulation in the virtual lens beam path. We also show
that our configuration can reduce the number of “ghost patterns” associated with the phase-only
property of the utilized SLM. In the conventional configuration the intensity of these ghost patterns

can become comparable to the intensity of the targeted patterns for certain pattern symmetries. We
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show that the ghost patterns created are fewer in quantity when using a virtual lens. These
advantages of the virtual lens configuration are essential for photo-stimulation as it expands to
target multiple neurons simultaneously in deep layers of the brain.

The increased uniformity will support targeting each neuron in a group with comparable
probability, while the reduction of ghost patterns will lower the probability of stimulating non-
targeted neurons.

Finally, we show that in two-photon applications, due to the quadratic dependence of
absorption probability on light, the unmodulated light will not need to be blocked because it
remains unfocused in the imaging volume. This advantage will be most significant for high power
lasers that are prone to damaging the beam blocker. It should be noted that shorter focal lengths of
the virtual lens may limit the maximum possible lateral deviation and limit the intensity of points
far from the optical axis created by the SLM. The strength of the effect increases with numerical
aperture of the objective and decreases with increasing resolution of the SLM (Jesacher, Roider et
al. 2013, Salter, Igbal et al. 2013). However, this effect should be relatively negligible at the long
focal lengths typically used in in two-photon fluorescence microscopy applications.

The virtual lens phase mask has a diffraction efficiency function consisting of a set of on-

axis lenses with focal lengths Fy = % (Hazra and Delisle 1997, Moreno, Marquez et al. 2011).

Therefore, one feature of the virtual lens configuration is introducing a shift of diffractive orders
along the optical axis. Although this can potentially reduce the general diffraction efficiency, it
also reduces the effects of ghost patterns in the object plane. As previously shown in our
experimental configuration, when tested in a non-scattering medium, the ghost patterns from the
second order of diffraction appear 40 microns deeper and are a factor of 4 dimmer than the first

order of diffraction (Figure 6). In neuroscience applications, this increased depth of focus of higher
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order patterns significantly reduces their adverse impact. Prior studies have shown that in the
highly scattering media of brain tissue, this axial shift would reduce two-photon absorption
exponentially with depth, thus greatly reducing ghost effects. This would result in a factor of
approximately 2.5 more attenuation in our case, (Ying, Liu et al. 1999, Oheim, Beaurepaire et al.
2001, Theer and Denk 2006) resulting in a corresponding increase in the signal to noise ratio.

One additional caveat is dispersion when the virtual lens configuration is used e.g. with
ultra-fast lasers in multiphoton applications. The SLM diffraction is wavelength dependent, and
thus the virtual lens will focus light with some axial separation by wavelength (worse than what
can be achieved with dispersion compensated lenses) (Jesacher, Roider et al. 2013). The strength
of this effect is inversely related to the pulse width of the laser used and will be most apparent with
ultrashort and supercontinuum lasers. This effect could be harnessed for temporal focusing, when
used with a static diffraction grating (Papagiakoumou, De Sars et al. 2009).

The virtual lens configuration introduced here only requires small changes to hardware and
software. On the optics hardware side, the virtual lens configuration requires the removal of one
lens, the corresponding shortening of the beam path, and allows for the removal of the beam
blocker for unmodulated light. On the software side the virtual lens configuration entails a change
in the calculation of the SLM phase pattern to include a virtual lens. Both changes are
straightforward to implement and thus these powerful benefits should be accessible to users of

many commercial systems in the field of neuroscience.

The increase in targeting precision gained by the implementation of this method allows

users to utilize the abilities of their SLMs to their full extent, by giving access to the full FOV,
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decreasing erroneous targeting, and unintentionally perturbing the network by reducing chances

of accidental neuronal photo-stimulation.
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4. Efficient Photo-stimulation Using Optical
Vortices

This chapter is adapted from work that is to be submitted, where Samira Aghayee designed
and built the two-photon microscope used, led the initial work flow, preliminary in-vivo data
acquisition and analysis, SLM control and mask calculation program, comparison of our results
to other relevant methods and co-wrote the paper. Aminah Sheikh led the electrophysiology
experiments and analysis and co-wrote the paper. Aleksander S. Smirnov designed an interface
for integrating control elements, contributed to the experiments and acquisition of the optical data.
Patrick Kanold and Wolfgang Losert designed the experiments and analysis workflow and co-

edited the manuscript.

Now that we have established methods to reduce cell identification and targeting errors
produced by both the motion of our subjects and the imperfections of the SLM, the final
methodological issue we address is to maximize the generated photocurrent without damaging
neurons. Phototoxic effects are an unfortunately common occurrence in optogenetic experiments,
and neuronal damage or destruction can affect the spatiotemporal activity of interest through
removal of important network nodes. We therefore next move to find a method for minimizing the

energy needed to activate the maximum number of channelrhodopsins on the neuronal soma.
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4.1. Abstract

Holographic photo-stimulation is an emerging technique for investigating neuronal circuitry in the
brain. This technique can be used for manipulating neuronal network activity through photo-
stimulation of multiple targeted neurons at the same time with single cell resolution, while the
simultaneous calcium imaging can monitor the activity of the neuronal population in the field of
view. This technique is proving essential for understanding brain function, since information is
often represented by groups of interacting neurons that fire within short time interval from each
other. However, as deeper layers of the brain are investigated, the reliability of the photo-
stimulation decreases due to scattering. Increasing the power to compensate for scattering, though,
leads to photo-toxicity. Here, we introduce a novel approach that uses “twisted”” photons with non-
zero orbital angular momentum generated with a Spatial Light Modulator (SLM). Such photons
have different scattering and absorption cross-sections from “regular” photons, and were shown to
have higher penetration through brain tissue. Furthermore, the effective shape of these delocalized
photons is similar to a ring (or rather a torus in 3D), whose size can be tuned to the cell size for
more efficient light delivery to the neuronal soma membrane. We find that such delocalized
photons can be effective in membrane depolarization and activation of cortical neurons. We
validate this photo-stimulation technique in acute brain slices by measuring electrophysiological

responses from targeted neurons.

4.2. Introduction

Studying the propagation of action potentials across neuronal networks and how
information is stored and accessed in their dynamic firing patterns has always been a fundamental

question in neuroscience. Emerging evidence shows that information in the brain is encoded in the
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simultaneous or avalanche-like firing of multiple, spatially separated groups of neurons (Chong,
Moroni et al. 2020). Thus, understanding the collective behavior of neurons is essential for
understanding how the brain processes information and encodes memory. Two-photon laser
scanning microscopy (TPLSM) of neuronal activity using Ca?* indicators allow for simultaneous
recording of hundreds of neurons and therefore can be analyzed to unravel inner workings of the
brain at the level of single cells for large groups of neurons within an awake behaving organism
(Svoboda, Denk et al. 1997, O'Connor, Huber et al. 2009, Peron, Chen et al. 2015).

While electrophysiology approaches allow for very accurate measurements of the neuronal
circuit a few neurons at a time, TPLSM allows for the simultaneous observation of hundreds to
thousands of neurons (Peron, Chen et al. 2015) and thus yields information on the collective
behavior of groups of neurons. TPLSM is often coupled with behavioral studies to observe the
response of a portion of the cortex with single cell resolution to a certain sensory stimulus or task
performed by the animal model (Francis et al. 2018). These types of studies are very helpful for
identifying the general functional connectivity and network dynamics of the area of interest.
However, due to the complexity of the stimulus presented or the tasks performed, multiple
convolved patterns of activity are generated that can be hard to parse. The development of a deeper
understanding of the neuronal connections requires individual neurons to be activated in select
groups (O'Connor, Huber et al. 2009). Advances in optogenetics and the emergence of holographic
photo-stimulation techniques has allowed for the interrogation of these distributed groups of
neurons, which collectively process information (Gradinaru, Thompson et al. 2007). This requires
the simultaneous targeting of multiple neurons. This targeting can be achieved using arrays that
direct and modulate the intensity of light on a pixel by pixel basis such as Digital Micromirror

Devices (DMD) (Wang 2007, Baier and Scott 2009, Chong, Moroni et al. 2020). DMDs are well
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suited for targeting multiple neurons in transparent models such as C. elegans, where a single-
photon regime is proven effective (Helmchen and Denk 2005, Leifer, Fang-Yen et al. 2011,
Shipley, Clark et al. 2014). However, two-photon infrared microscopy is better suited for non-
transparent tissue such as mammalian brains. This is because of the higher penetration of infrared
light, and the quadratic dependence on intensity for two-photon absorption which results in
excitation localized to the focal volume (Helmchen and Denk 2005). DMD devices are not an
efficient choice for two-photon excitation due to “off” pixels that reflect light away from the
sample, effectively wasting laser power. This power is needed for two-photon excitation, due to
its quadratic dependence on intensity and therefore requires focusing light into high intensity
points. Spatial Light Modulators (SLM) have proven more suitable for such two-photon in-vivo
applications due to their ability to modulate the phase of the light, preserving the power of the
beam during modulation (Nikolenko, Watson et al. 2008, Packer, Russell et al. 2015, Chen,
Papagiakoumou et al. 2018) (Forli, Vecchia et al. 2018, Carrillo-Reid, Han et al. 2019, Marshel
2019). In addition to having higher intensity, phase-only SLMs also allow for the reconstruction
of multiple target points in three dimensions (Curtis, Koss et al. 2002, Dal Maschio, De Stasi et al.
2011).

SLMs interact with light through a pixelated array of rotating bi-refringence nematic liquid
crystals. These liquid crystals rotate in response to locally applied electric fields, and their rotation
corresponds to changing refractive indices. Beam shaping is accomplished by independently
moving the individual crystals within every pixel with unique rotational shifts. These shifts can
modulate the phase of the beam according to a pre-calculated mask containing the phase
information of a desired intensity pattern. In order to calculate this phase mask, a phase-retrieval

algorithm, for example Gerschberg-Saxton, is often used.
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When targeting neurons using an SLM, we use a captured image of the sample to select
neurons of interest. These desired target points are then fed into the phase-retrieval algorithm to
calculate the corresponding phase mask.

SLM microscopy was then introduced to the field of neuroscience as an optical tool for
multi-point photo-stimulation (Nikolenko, Watson et al. 2008, Zahid, Velez-Fort et al. 2010). The
first successful in vivo photo-stimulation using SLM microscopy was reported with the SLM
generated illumination scanned in a spiral fashion over the targeted neuron’s soma using a galvo-
galvo scanner pair in the path (Nikolenko, Watson et al. 2008). A rapid spiral scanning over the
neuron’s soma appears to facilitate more efficient opening of the light-gated ion channels by
focusing the laser into a smaller area thus conserving the pulses peak power. With increased
commercial availability of tunable lasers and the development of channelrhodopsins with faster
kinetics such as Chronos (Ronzitti, Conti et al. 2017) shortening total activation time by
maximizing the number of light-gated channels illuminated at once with the most effective light
delivery becomes an approachable problem to address.

A few limitations arise in the pursuit of this goal when using the SLMs. One is that a
substantial percentage of the incident light on the SLM (which is a strong function of spatial
modulation frequency) remains unmodulated, and therefore normally results in a bright focused
zero-order spot that can deliver a majority of the beam energy to the center of the field of view
(FOV). Additionally, one can employ a physical block in a conjugated imaging plane to remove
the unmodulated light. However, this also prevents targeted stimulation at the center of the FOV.
As a workaround, other techniques remove half of SLM’s accessible field to maintain the
accessibility of the center of the objective’s FOV (Golan, Reutsky et al. 2009). A second limitation

is that some diffraction patterns may yield a substantial ghost patterns in and outside of the imaging

63



plane caused by factors such as the regular pixelated nature of the SLM device. Such ghost patterns
can approach or even exceed the brightness of the targeted photo-stimulation areas and are
therefore more difficult to control. Here, we have overcome both of these limitations with a
redesigned SLM beam path featuring an SLM-generated virtual lens as introduced below.

Finally, as the point spread function (PSF) defined by the typical multiphoton objective’s
numerical aperture is considerably smaller than the size of a neuron soma, a single targeted point
is not sufficient to effectively activate a cell for firing. Some groups using SLM-based photo-
stimulation utilize the aforementioned galvo-galvo spiral scan technique to address this issue,
targeting ion channels in the outer membrane of a neuron sequentially. However, the dwell time
per cite has to be adjusted to match the opsin dynamic in these applications. For fast opsins, this
imposes a limitation i.e. triggering spatial inhomogeneities in the neuronal stimulation (Ronzitti et
al. 2017). Moreover, Because the power is concentrated in one point, long exposures might result
in photo-toxicity. An alternative approach to avoid this problem is to use extended patterns or
multiple focused points on one neuron (Golan, Reutsky et al. 2009, Dal Maschio, Difato et al.
2010, Yang, Carrillo-Reid et al. 2018). However, this may lead to ghost effects as mentioned
above, unnecessary phototoxic damage, or loss in effectiveness due to neuron’s nucleus and
cytoplasm taking >99% of soma volume.

Here, we introduce the use of SLM-generated optical vortices as a novel approach to
selectively target majority of the soma membrane of the cortical neuron. Specifically, the mode of
the optical vortex produced can be adjusted to create a “ring of light” with a diameter matching
the size of one neuronal soma. These vortices generate donut-shaped intensity patterns in the object
plane resulting in a smooth excitation profile with no ghost artefacts or discretization. Since most

of opsins on the outer membrane of the cell can be targeted simultaneously, the optical vortices
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have potential to generate higher photocurrents and therefore be more efficient and effective than
spiral point illumination. We note that due to the quantum nature of light, in essence, each donut-
forming photon is further delocalized in space and spans the whole ring in a vortex while also
carrying orbital angular momentum (OAM) of a sign determined by vortex “charge” and light
polarization (Mamani, Shi et al. 2018). As a result, such light reportedly gains advantage especially
in case of circularly polarized vortices in that they have a smaller scattering cross section compared
to regular gaussian beams (Alfano 2019). This makes them a promising tool for studying deeper
layers in the brain, not only for purposes of photo-stimulation but also for imaging.

In the present study, we evaluate our proposed Dynamic Optical Neural Ultra-efficient
Toroid (DONUT) illumination approach in terms of its applicability for optogenetic stimulation
and demonstrate its effectiveness to induce neuronal activity recorded using electrophysiology
methods in acute cortical brain slices. Additionally, we estimate the advantage of the DONUT
approach relative to the reported spiral scan and circular pattern methods to predict performance
with respect to higher peak power but lower repetition rate with the amplified laser for photo-

stimulation.

4.3. Methods and preparations

All procedures were approved by the University of Maryland Institutional Animal Care
and Use Committee.

Animals:

Mice from any of these strains were used: Thyl-GCAMP6s (JAX stock #024275, GP4.3,

(Dana et al., 2014)); CBA/CaJ (JAX stock #000654) mice crossed with Thyl-GCaMP6s (JAX

65



stock #024275, GP4.3,(Dana et al. 2014)) (Liu et al. 2019); or Thyl-GCAMP6s (JAX stock

#024275, GP4.3,(Dana et al. 2014)) crossed with Emx-Cre (JAX stock # 005628).

Viral Injection Surgery:

Adult mice (P35-P90) were anesthetized with isoflurane at 4%, reduced and maintained to
1.5% for the duration of the surgery. Glass pipettes (1.14 mm O.D. x 3.5" length x .53" I.D.,
Drummond Scientific # 3-000-203-G/X) of about 10-20 pm in tip diameter were used for injections
(similar to how they were done previously) (Tolner et al. 2012). Body temperature was maintained
at 36.0 °C and fur on the head was removed with hair remover face cream application (Nair) (Liu
et al. 2019). Then Betadine solution (Purdue Products) and 70% ethanol were applied repeatedly
3 times to the skin surface (Liu et al. 2019). Temporal muscle was removed from the skull and the
skull was scraped with a scalpel to remove any remaining tissue (Meng et al. 2017; Liu et al. 2019).
A micro drill was used to create the craniotomy. The pipette was injected 250-350 um deep into
the ACX and let sit for 5 mins for the brain to seal up around the pipette. AAV5.Syn.ChrimsonR-
tdTomato.WPRE.bGH (Addgene # 59171-AAV5) virus was injected (virus titer of 7x10%2 vg/mL)
once by 9.2 nL/injection pulse for a total injection volume of a > 101 nL. Then the pipette remained
in the brain for 10 minutes before being retracted. The scalp was sealed back up with Histoacryl
(#TS1050071FP). A small section of Steri-strip (#R1546) was placed over the incision to protect
the incision site. Mice recovered in a cage under a heat lamp for 30 mins and then were returned
to their home cages where they were monitored daily for feeding, and general behavior (Liu et al.
2019). Medicated water replaced normal drinking water for 7-10 days during post-operative care.
(Sulfamethoxazole and Trimethoprim Oral Suspension, USP 200mg/40mg per 5ml, Aurobindo

Pharms USA; 12ml solution diluted in 200ml water) (Liu et al. 2019).
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Brain slice preparation and solutions:

Mice (P60-P120) were deeply anesthetized with isoflurane prior to decapitation and
removal of the brain. Mice were used when there was a minimum of 13 days for viral expression.
Viral expression time ranged from 13-30 days after surgery. Mice of either sex were used. The left
hemisphere containing the viral injection and containing auditory cortex (ACX) was removed.
Acute coronal slices (200 um) were prepared using a vibrating microtome (Leica VT1200) in ice-
cold artificial cerebral spinal fluid (ACSF) consisting of (in mM): 212.7 sucrose, 2.6 KCI, 1.23
NaH2POa, 26 NaHCO3, 10 glucose, 3 MgCl2, 1 CaClz, pH 7.35 - 7.4, equilibrated with 95% O2-
5% COz2 (Petrus et al. 2014). The slices were incubated in ACSF consisting of (in mM): 130 NaCl,
3 KCl, 1.25 NaH2PO4, 20 NaHCOg, 10 glucose, 1.3 MgS0O4, 2.5 CaClz, pH 7.35 - 7.4, equilibrated
with 95% 02-5% CO2 for 1 hour at 30°C and then kept at room temperature (Sheikh et al. 2019;
Tolner et al. 2012). The recording site was identified in auditory cortex by landmarks (ACX)

(Cruikshank, Rose, and Metherate 2002; Sheikh et al. 2019).

Phantom sample preparation:

To evaluate vortex phase beam geometry at objective focus, a small drop of concentrated
Dil (Millipore Sigma, # 468495-100MG) dye solution in 50/50 mixture of DMSO and deionized
water was sandwiched between two slabs of 200 um agarose gel slices prepared on the same
vibratome used for cortical slices (Leica VT1200). After allowing for several minutes of
equilibration, the objective was coupled to phantom sample with DI water and was brought into
focus on Sutter MOM’s widefield camera (Pco.edge 2, Photometrics) operating in 16 bit mode by

maximizing the red fluorescence signal originating from excitation with green LED light source
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(Thorlabs). From that point onward, the microscope slide with agarose/Dil sandwich remained
stationary and Z-stacks of images were obtained in range of + 20 um relative to the original
position. As in the neuronal photo-stimulation experiments, 1040 nm light from Coherent Fidelity
HP laser was applied at a fraction (<10%) of its available power and only for the duration of
exposure (20 ms) to prevent photobleaching, while the vortex charge applied by MOM’s SLM was
equal to 15. Images captured with SCMOS camera were assembled with Fiji/lmageJ software
(version 1.5), cropped and rescaled to 8-bit intensity space, and XZ/YZ stack central sections were

generated using built-in routines.

In vitro electrophysiology setup:

Whole-cell recordings were performed with a patch-clamp amplifier (Multiclamp 700B;
Molecular Devices) as previously described (Sheikh et al. 2019). Borosilicate glass electrodes (1.2
mm O.D. x 10 cm length x 0.6 mm 1.D., Sutter # BF-120-60-10) were filled with (in mM): 110 K-
gluconate, 4 KCI, 4 NaCl, 0.2 CaCl2, 10 HEPES, 1.1 EGTA, 2 Mg-ATP,1 MgCl2 and 5 glutathione
(pH 7.2, 300 mOsm) (Tolner et al. 2012). Slices were perfused with ACSF consisting of (in mM):
130 NaCl, 3 KCl, 1.25 NaH2PO4, 20 NaHCOs, 10 glucose, 1.3 MgSQg4, 2.5 CaClz, pH 7.35 - 7.4,
equilibrated with 95% 02-5% CO2 (Sheikh et al. 2019). The electrode resistance in the bath was
4-10 MQ. Data were acquired with a National Instruments AD board and software EPHUS (Suter
et al. 2010). Membrane voltages were corrected for an estimated liquid junction potential of 10

mV (Sheikh et al. 2019).

Optical experimental setup:
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A simplified schematic of the optical layout is shown in Figure 19A. Our custom
microscope system consists of a Sutter Instruments’ Movable Objective Microscope (MOM) body
modified to combine three distinct optical paths.

The two-photon imaging path uses a tunable Ti:Sapphire femtosecond laser (Chameleon
Ultra) for a light source. The beam passes through a Pockels cell for shuttering and flyback
correction and gets expanded by a 1:3 beam expander lens pair before getting scanned with a
Thorlabs resonant-galvo pair. The beam is expanded a second time by a scan-lens tube-lens pair
before going to the objective. The detection path for the two-photon imaging path uses a Thorlabs
Photon Multiplier Tube (PMT) detector pair for compatibility with Thorimage software 3.0 and
the galvo-resonant pair.

The custom-built two-photon photo-stimulation path consists of a 1040 nm fixed
Ti:Sapphire femtosecond laser (Coherent Fidelity 10HP). After passing through a Pockels cell
that is used for laser power modulation, the beam is expanded to fill a Spatial Light Modulator
(Holoeye Pluto SLM) for beam shaping purposes.A virtual-lens (F\i=160mm) is superimposed to
the calculated phase-mask displayed on the SLM to focus the modulated light at a different plane
than the unmodulated light for removal of the latter without a zeroth order blocker (see chapter 3
for further details). Note that the first SLM-generated pattern takes form at the focus of the virtual-
lens displayed on the SLM, whereas the unmodulated light comes to focus at the focus of Lz
(FLs=150mm) where an optional spatial filter can be introduced to remove the unmodulated light.
The Ls and L4 lens pair (FLs,L4=150mm) image the SLM generated pattern once more before the
beam is directed into the microscope head using a short-pass dichroic mirror (Chroma Technology

Corp ZT950Ipxrxt) skipping the scan-lens and passing through the tube lens. The imaging and
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photostimulation beams are then focused onto the sample using a Nikon 16x water 0.8NA
objective.

The custom-built camera path consists of a long-pass dichroic mirror (Chroma Technology
Corp 800dcxru) that is positioned between the scan-lens and tube-lens, reflecting the excitation

light to 1:1 relay tube-lenses that focus the excitation light on to the camera chip.

Laser power measurements:

Imaging and photostimulation laser power measurements were performed past the
multiphoton objective on a Microscope Slide Thermal Power Sensor (300 mW, Thorlabs #S175C)
with water coupling. For stimulation light measurements, there was potential for zero-order light
interference. Due to improvements in our light path, such light arrives at the sample broadly
diffused and thus does not contribute to the 2-photon activation process. However, it can interfere
with power measurements. We conducted the primary power measurements using a spatial block
to take out the Oth order where it comes to focus after the first lens. In the virtual-lens configuration
this plane is inherently conjugated to the SLM surface and therefore only contains the phase
information of the desired illumination pattern. Since a small portion of the phase information gets
blocked and that could affect the power going to the optical vortices, we performed a secondary
power measurement without the spatial block. A polished copper adhesive tape was used to
effectively block half of the Oth order light reaching the sensor. The optical vortex power
contribution was driven from moving it on and off the tape block centered on the FOV. In both
cases, measurements agreed well with each other. The results of power measurement are reported

for optical vortex of mode 10 in Figure 21A.
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Reference photodiode measurements of stimulation light power were recorded in EPHUS
software as direct voltage sensed at 50 Ohm terminator and used for establishing the relationship
between photodiode readout and the laser power. In order to translate the photodiode
measurements recorded from the SLM laser for photostimulation to power levels, power
measurements were recorded from the slide thermal power sensor for a vortex of mode 10, and
custom Matlab software was used to extract the photodiode measurements recorded from EPHUS
(Table 1). The relationship between the measured power and photodiode measurements is shown

(Figure 21A). The peak power was noted at a max amplitude for the pockels cell of about 1.4 V.

Optogenetic photostimulation:

Photostimulation laser power control and modulation was performed with a National
Instruments (Austin, TX) educational myDAQ USB device kit and bundled “Express ...” software
that allowed creation of simple customized digital instruments. A custom graphical function
generator was built to vary output sine wave frequency, amplitude, and offset such that the signal
minimum was kept near 0 V. It also allowed for external analog control of output modulation
signal amplitude or frequency to optimize optogenetic stimulation conditions by ramping up
externally applied voltage, e.g. by LSM microscope Z-focus control or by another programmable
source.

Scanimage 2019 (Vidrio Tech, Aushburn, VA) was used to control MOM head in XY,
and Z as well as to capture frames from the wide-field camera (driver interface handled with
Micromanager v.1.4.2 camera plug-in and required latest drivers from the manufacturer (
https://micro-manager.org, LOCI/Eliceiri group, University of Wisconsin—Madison). SLM pattern

control was performed using a custom Virtual Instrument (V1) written in LabVIEW 2019 (National
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Instruments, Austin, TX). This VI accepted two analog control voltage inputs (by NI myDAQ
USB device) and for translation into an optical vortex mode; X, Y, Z-offset; or any combination
thereof. It also produces a log file that keeps track of SLM pattern parameters and timing for
metadata reference.

In vitro electrophysiology:

During electrophysiology recordings, photodiode measurements were recorded in EPHUS
and power levels were interpolated post hoc based upon the photodiode-power relationship
established with the slide power measurements. For neural response detection, the latency of the
response was defined as within a 200 ms time window between each stimulus. Within each of
these time windows, neural responses were either subthreshold depolarizations or action potentials
(AP). An example recording is shown in Figure 19D. AP detection was performed by setting a 30
mV threshold with respect to the resting membrane potential of approximately -70 mV (with the
corrected potential). Responses that were not APs and were below the spiking threshold were
classified as subthreshold depolarizations. The AP jitter was calculated by the SD of the AP onset
time.

Statistics for results were analyzed by using the Multiple Comparison test. To perform the
multiple comparison of group means, we used Kruskal-Wallis test based upon the normality of the
data. Results are reported as mean + SD.

For analyzing the spatial resolution, a custom MATLAB routine was written. The max
response was taken for each time window between photostimulation and the mean response was
calculated for each spatial location for each recording. The spatial metadata was

converted into microns.
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The 1040 nm photostimulation beam excites Chrimson-tdTomato in neurons, thus
stimulating the cells. The tunable path was used for simultaneously exciting the
channelrhodopsin’s tdTomato expression reporter and endogenously expressed GCaMP6s in the

neurons. The resulting fluorescence signal was collected by a pair of Thorlabs PMT modules.

To test the photostimulation parameters, the activity of the targeted neurons were recorded
in a cortical slice via whole-cell patch-clamp recordings (N=13). Neurons were recorded over a
total of 25 trials, over a variety of photostimulation power levels (0-250 mW) for three different
optical vortex modes (V=5, V=10, V=15). The photostimulation power was sinusoidally
modulated with a frequency of 500 Hz over the duration of 20 ms with an interstimulus interval
(1S1) of 180 ms for each trial. An example recording is shown in Figure 19C. Figure 19D shows
an example infrared image of a brain slice where the targeted neuron is under electrophysiology

recording.

To test the specificity and spatial resolution of targeting with the vortex, five stimuli with
stimulus duration of 20 ms per location, and ISI of 180 ms, were used for each position stimulated.
The spatial targeting with the optical vortex was done in a pseudorandom manner similar to
previous research in the Kanold research group using EPHUS for laser stimulation of cortical slices
(Viswanathan et al. 2012; Sheikh et al. 2019). There were up to 10 simulation locations (+ 50 pm
maximum range span and perpendicular to pia orientation (“X”’), or + 40 um maximum range span
parallel to pia orientation (“Y”’). The maximum range spans in both directions were with respect

to the soma location plotted at the origin (Figure 21D).
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Figure 19. Optical schematic and in vitro electrophysiology experimental setup.
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(A) The schematic of the optical setup. The expanded photostimulation laser beam illuminates the
SLM surface. The SLM displays a virtual lens phase mask superimposed with the calculated phase
mask for the optical vortices. Not interacting with the mask displayed on the SLM, the unmodulated
light reflects from the surface of the SLM and comes into focus at the focal point of L3, where it
can be removed from the path with an optional spatial filter. The modulated light however, after
getting reflected from the SLM comes to focus at a distance equal to the virtual lens’s focal point
and generates the first image of the vortices before hitting Ls. The intensity pattern generated in
the virtual lens’s focal plane is conjugate to the object plane. Note that the center of the FOV
remains accessible for the SLM throughout the entire optical path in this arrangement even with
the spatial filter in place. (B) Schematic of the electrophysiology setup and (C)an example of the
neuron’s membrane potential response to the photostimulation using an optical vortex of mode
15. (D) The composite image of a brain slice with optical vortex of mode 15 projected on the

patched neuron.

4.4. Generation of optical vortices:

Optical vortices were generated by inducing a non-zero orbital angular momentum in light.
The phase of such light travels in a helical mode around its axis with a point of zero intensity at
the center of the optical axis. Once this helical light is brought to focus, a ring-shaped spatial

intensity pattern emerges at the focal plane.

Typically, a spiral phase plate is used to generate such behaviors. Spiral phase plates are
transmissive pieces of glass with an angularly varying optical path length. This type of phase plate

asymmetrically retards the phase front to induce the helical traveling mode upon exiting of the
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phase plate. Therefore, this transforms the light into higher-order Laugerre-Gaussian modes. Given
an SLM’s ability to shape the phase front of a collimated beam of light, we can replace the spiral
phase plate with a phase mask, and create vortices of arbitrary radii, or modes. Fig. 20A shows
such a phase plate along with its corresponding SLM phase mask and the transformation from a
zero-mode beam to a higher-order helical phase beam and the intensity field generated at the focus

of such beam.

The higher the order of phase delay a spiral mask induces, the higher the order of Laguerre-
Gaussian modes yielded, and consequently, the bigger the size of the intensity rings or toroids
generated at the focus become. Fig. 20B shows an example of phase masks required for generating
the vortex modes 5,10, and 15 examined in this study. The vortex phase mask displayed on our
SLM with an additional virtual lens function imposed on top of it, and the generated pattern at the
object plane using an auto-fluorescent slide. The range of toroid radii used to match the typical
size of neuron’s soma is shown. Fig. 20C shows the Z profile of the same optical vortex using a
phantom auto-fluorescent sample. The 3D image was reconstructed from the 2D fluorescent
images while moving the focus of the optical vortices in Z. As shown in the image, the vortices
form a 3D shell of light. Fig. 20D Shows the range in which an optical vortex of mode 10 can

move across X and Y axes while preserving its shape.
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Figure 20. Shaping the light moving in xyz and changing vortex mode.

(A) Schematic showing generation of optical vortex via phase retardation. (B) Higher
optical vortex modes generate toroids with increasing radius. (C) The Z cross section of our
optical vortex. (D) Translation of an optical vortex in the field of view across X and Y axis. Scale

bars are 10 mm.

4.5. Results

To investigate the ability of the optical vortex to induce an action potential via
photostimulation, we recorded 13 cells from 13 adult viral injected ChrimsonR-tdtomato mice (6

males, and 7 females) (see Viral Injection Methods). Multiple power levels for photostimulation
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and multiple optical vortices were used on the same cells. Our results show that we can activate

neurons with a vortex mode of 10 at an average power density of 11 ;n—"‘g for a photo-stimulation

duration of 20ms (Fig. 21C). It also shows that we have single cell resolution (Fig. 21D). As the
Optical vortices are moved away from the target, spurious response is observed due to a non-soma
targeted channelrhodopsin localizing in processes. Our method results in activation without
damage, even though a point with similar power is shown to result in the death of the cell (Fig.

21E).
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Figure 21. Optical vortices are able to induce neural responses in cortical brain slices.

(A) Measured power from slide thermal sensor using different pockels cell amplitudes (V). (B)
Example image of patched L2/3 neuron from auditory cortex. (C) Delta membrane potential from
optical vortex photostimulation, AP latency, and AP jitter from vortex photostimulation. D)
Spatially translating photostimulation events with locations ranging + 50 pm with respect to the

soma’s centroid. E) Left: 2-photon image after 125 photostimulation events, with an average
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power of 249mW, before photostimulation with a single point illumination event. Right: 2-photon

image on same cell, after single point illumination with ~249 mW. Scale bar is 100 um.

In order to evaluate how our photostimulation method compares to other similar methods
in the amount of two-photon excitation light absorbed, we must first calculate the pulse broadening
effects in our optical train. We measured the intensity generated by the two-photon excitation of
an auto-fluorescent sample using different Group Delay Dispersion (GDD) compensation values
for the laser pulse. Fig. 22 shows the effects of such GDD compensation on the generated intensity.
Note that the intensity peaks at a GDD compensation of 2 x 10* fs2. Eq.3 describes the

relationship between GDD and pulse width (t):

T, = rl\/1 + (4ln2 222 (Eq. 3)

2
1

Using this equation and assuming a GDD of 2 x 10* fs? for the optical train for our laser
beam pulse width specified at 140 f's, the pulse width broadens to 4.2 x 102 at the sample when

going through our optical train.
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Figure 22. Plot showing detected two-photon fluorescence signal vs. displayed GDD.
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We then calculate the illuminated area (A) and power density for our optical vortices,

respectively given by:
_ yl
A= PVortex- Ddiffraction limit — PVortex- INA (Eq 4)
., Payg
Power density = — (Eq. 5)
Peak power and average power are related by:

Peak Power = 4% (Eq. 6)
T-frep.

At a repetition rate (f,,, ) of 80 MHz for a 4.2 x 10 femtosecond pulse. This power density
translates to a peak power of 2.8 x 105%. Recent publications (Yang et al. 2018; Chen et al.

2019) have shown that lower exposure times and lower averaged powers are sufficient to drive
activity in neurons using amplified lasers with lower repetition rates. However, they use peak
powers that are up to 2 orders of magnitude higher (Table 1, column 4). ). The parameters used for

the following calculations is listed in Table 2.

Eq.7 describes the relationship between probability of two-photon excitation and peak

pOWer:
NA2
ng = 0. Ppeakz.r. (ﬂm)2 (Eq.7)

Where, n, is the two-photon absorption, & is the Absorption cross-section, Pp.q is the

peak power, and T is the pulse width. Since the two-photon excitation changes with peak power

squared, one can conclude that optical vortices are more efficient than extended disks or extended
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patterns that were recently investigated for efficiency (Yang et al. 2018; Chen et al. 2019). Table
1 shows the comparison between our proposed use of optical vortices vs the aforementioned

studies.

When comparing the peak power used between the methods using extended patterns, the
proposed optical vortices use lower peak power for reliable photo-stimulation. The relative two-
photon absorption used to induce photo-stimulation per unit area illuminated with each laser pulse
continues to be more efficient. When comparing the relative two-photon absorption used per
neuron, our system needs 102-107 times less two-photon absorption per pulse to induce photo-

stimulation. This will reduce the photo-damage probability as each pulse is carrying less energy.

When comparing the peak power used between the methods using extended patterns, the
proposed optical vortices use lower peak power for reliable photo-stimulation. The relative two-
photon absorption used to induce photo-stimulation per unit area illuminated with each laser pulse
continues to be more efficient. When comparing the relative two-photon absorption used per
neuron, our system needs 102-107 times less two-photon absorption per pulse to induce photo-

stimulation. This will reduce the photo-damage probability as each pulse is carrying less energy.

The total 2P absorption per neuron per stimulation event can be calculated by:

Niotal = Npuise " TEP TaALE " Atppoto-stim (EQ. 8)
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Relative

Relative
Peak total laser
Na per T Photo-
Pattern power dose per
Method Opsin used . pulse reported | stim. Dur.
used density neuron per
w used per ' _ (fs) (ms)
um? stimulation
neruon
event
AAVDJ-EFl1a-DIO-
Yang et disk~
C1V1-(E162T)- 8.45E+07 | 1.5%107 | 3.75x10* 400* 20
al. 2018 NA*
p2AmCherry-WPRE
AAVDJ-EFla-DIO-
Yang et disk~
C1V1-(E162T)- 1.69E+07 | 6.3*10° | 7.87x10° 400* 20
al. 2018 NA*
p2AmCherry-WPRE
ext.
Chen et ChrimsonR Transgenic
pattern~ 1.80E+06 | 8.18*10° 2.5 250 10
al. 2019 (Cux2-CreERT2;Ai167)
NA*
ext.
Chen et AAV2/7Tm8-CAG-
pattern~ 1.13E+06 | 3.25*10? 0.5 250 5
al. 2019 ChrimsonRtdTomato
NA*
Opt.
Proposed AAV5.Syn.ChrimsonR- 140
Vortices~ 2.73E+05 1 1 20
DONUT tdTomato.WPRE.bGH (420)
NA?

Table 1. Comparison between methods using extended patterns published and our proposed

Optical vortices method. *specs (not reported)
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Rep. T T (laser
Method rate reported specs) A NA laser used objective
Spirit 1040- 25x N.A. 1.05
Yang et al. 2018 | 200khz 400fs-4ps 8,Spectra- XLPlan N,
NA 1040 | 1.05 physics Olympus
Spirit 1040- 25x N.A. 1.05
Yang et al. 2018 1Mhz 400fs-4ps 8,Spectra- XLPlan N,
NA 1040 | 1.05 physics Olympus
Satsuma
Chenetal. 2019 350fs-10ps HP,Amplitude 40 W APO NIR;
500kHz 250 fs 1030 | 0.8 Systemes Nikon
Satsuma
Chenetal. 2019 350fs-10ps HP,Amplitude 40 W APO NIR;
500kHz | 250 fs 1030 | 0.8 Systemes Nikon
Proposed Fidelity HP,
DONUT 80MHz | 420fs 140 fs 1040 | 0.8 Coherent N16XLWD-PF

Table 2. Parameters that were used for calculations in Table 1.

Comparing this module to other methods, shows that we are comparable with Chen et al.
2019 and we are a factor three more efficient than Yang et al. 2018. These results show that optical
vortices are a promising method for efficient stimulation of neurons in-vivo, allowing for higher

activation probability and reduced photodamage compared to similar methods.

4.6. Discussion

Our results show that optical vortices are an effective tool for neuronal stimulation and can
be generated reliably with SLM-based setups.

The latency of firing events for targeted neurons is 20ms from the “onset” of photo-
stimulation, which means that on average targeted neurons need 20ms of exposure time before

they fire.
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In this work, we argue that the shape of optical vortices allows for more efficient
stimulation of neurons. One seemingly contradictory result to this is that neurons can be activated
independent of donut size. A possible explanation of this phenomenon is that even though we
found that a vortex of mode 10 is a better approximation of the neuron size, our vortices are
elliptical, and the longer axis in mode 5 is similar in length to the short axis of vortex 15. This
would mean that the targeted regions in all 3 modes tested have some degree of overlap. Modes
outside of this range may not photo-stimulate cells efficiently due to increasingly large areas and

lower delivered power density.

Another important confounding factor is that as vortex modes increase, the radius (defined
here as distance from the center to the edge of the ring) and width (defined as the thickness of the
ring) of the donuts also increase. This is due to a modal dependence on ring width resulting from
the equations governing the optical vortex (Bekshaev, Karamoch et al. 2009). resulting in less
power density delivered per unit area. This decrease in power density causes non-linear decreases
in two-photon absorption. Therefore, some of the benefits of perfectly matching the size of the
rings to the cells can unfortunately be offset by this decreased two-photon absorption. Though a
detailed study on this phenomenon is not within the scope of this study, we have simulated this
increased ring thickness both for our own calculations and for the reader. Results of these

simulations can be seen in figure 23.
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Figure 23. Simulated Optical Vortex Measurements.
Simulated radial intensity profile from the Point and Vortex modes of 5,10.15,20,25, and 30.

Optical vortices represent a novel way of stimulating neurons with reduced intensity. We
propose that this reduced intensity is important for cellular health. Reduced intensity inherently
means reduced probability of cellular damage due to phototoxicity. Implementation of optical
vortices simply requires a method of imparting a vortex phase onto a gaussian beam through a
spatial light modulator. Further studies are needed, however, in how the Kinetics of these
channelrhodopsins differ due to vortex stimulation compared to traditional point-based

stimulation..
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5. Investigating Spike Time Dependent
Plasticity In the Network with High Speed
Photostimulation

Now that we have established methods for accurate, precise, and reduced power density
photo-stimulation using SLMs, our next experiment plans to leverage this technology to study the

dynamics of neuronal networks and their relationship with spike time dependent plasticity.

5.2. Abstract

Recent developments in spatial light modulator (SLM) technology have produced SLMs
capable of stimulating distinct populations of neurons sequentially at timescales less than 2ms, on
par with the timescale of neuronal action potentials. In this work we leverage this technology,
along with recent developments in fast channelrhodopsins, to probe the inherent timescales of
spike-time dependent plasticity. Two sub-populations of a pre-existing in-vitro neuronal network
are optogenetically excited at pre-determined timescales repeatedly, and changes to the dynamics
of the overall network are assessed using membrane potential indicators. Strength of change
compared to the original functional network topology for the varying timescales are compared.

This work is ongoing, and in this section, proposed specific methodology is discussed.

5.2. Introduction

Early experiments involving optogenetic stimulation involved channelrhodopsins with

slow kinetics, such as the channelrhodopsin “cHARGe”, with second-scale temporal accuracy and
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low precision in activation (Zemelman, Lee et al. 2002). The first channelrhodopsin with temporal
accuracy on the scale of milliseconds was pioneered by Karl Deisseroth, with the development of
ChR2 for use in vitro (Boyden 2011). However, with a low photocurrent and long refractory
period, stimulation rates were limited to less than 40Hz, typically. Newer channelrhodopsins have
broken this barrier of 10s of Hz, with one of the latest channelrhodopsins, Chronos, having an
activation time of <2ms and closing kinetics of approximately 3.6ms (Mager, Lopez de la Morena
et al. 2018), resulting in the ability to stimulate action potentials at the rate at which they occur
(typically 1-5 ms) (Klapoetke, Murata et al. 2014).

Recent advances in the field of fluorescent membrane potential indicators, both dyes and

genetically-encoded voltage indicators (GEVIs), have allowed for reporting of activity at a similar
timescale. Newly developed indicators such as, Voltron, a GEVI, and BeRST (Berkeley Red
Sensor of Transmembrane potential), a dye for in-vitro applications, have both shown bright,
positive, photostable responses during optical electrophysiological experiments with imaging rates
of more than 800Hz (Abdelfattah, Kawashima et al. 2019, Kirk, Raliski et al. 2020).
These advances give rise to a novel question. Given the action potential transient time of
approximately 2ms, if we can stimulate and image neurons at the rate at which they naturally fire,
can we generate realistic synthetic inputs into existing neuronal networks to understand the plastic
response of the connections therein?

Neuronal networks exhibit multiple phenotypes of plasticity in response to inputs. The
canonical form is known as Hebbian plasticity, often summed up in the axiom “neurons that fire
together wire together”. Less understood are anti-Hebbian, or anti-correlative strengthening of
synapses, and non-Hebbian, non-correlative strengthening of synapses, though those lie outside

the scope of this work. The mechanism of synaptic strengthening due to patterns of activity, called
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long-term potentiation (LTP), has been known since it was first studied in the rabbit hippocampus
in 1966. Since then, the exact mechanisms and relations underpinning LTP has been a focus of
research, and a continuous target of new technological development. LTP underpins a particular
form of asymmetric Hebbian plasticity, known as spike-time dependent plasticity (STDP), a
known mode of asymmetric Hebbian plasticity. STDP is induced due to two neurons
synchronously firing, which causes LTP to occur between them. Previous studies, demonstrated
in Fig. 23, have shown that the strength of the effect varies in relation to the degree of
synchronicity, or the latency between firing events (Bi and Poo 1998). Natural latencies between
horizontally connected neurons in monkeys on average range from 6-14ms (Gonzéalez-Burgos,
Barrionuevo et al. 2000), however, individually connected neurons can likely sense latencies much

smaller than that (Bi and Poo 1998).
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Figure 24. Spike-timing dependent plasticity characterized using repetitive correlated
stimulation at 1 Hz.

(Bi and Poo 1998)

Previous work studying the consequences of STDP have focused on the relationship

between the firing of individual neurons. Using these aforementioned synthetic inputs, we seek to
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understand how the effects of STDP appear on a network scale, and if STDP can be used to elicit
novel responses in the network. When these synthetic inputs are repeatedly applied, a process
which we refer to in this study as training, we expect the network to respond through LTP of
targeted neuronal subsets. Through network visualizations which reveal the strength of
relationships between individual neurons such as minimum spanning trees, we can understand the
likely existing degree of LTP in neuronal subsets. We can also visualize additional LTP which

occurs after training. Trained subsets of neurons should see their inter-subset connectivity

increased, reflected through a change in quantity of inter-subset edge nodes.

A firing event in a connected neuron pair causes pre-synaptic protein expression in the pre-
synaptic axon, and post-synaptic protein expression in post-synaptic dendrites (Kennedy 2013).
One of these pre-synaptic vesicle proteins, synaptophysin, can be directly visualized in live
neurons. Though the exact function of synaptophysin is not well understood, previous studies have
shown that it plays a key role in activity-dependent synapse formation (Tarsa and Goda 2002). By
visualizing the location and dynamics of synaptophysin in-vitro, we would also be interrogating
biological mechanisms behind STDP. Synaptophysin staining allows for direct visualization of
synaptic boutons at areas of high, static synaptophysin expression in axons (Gambrill, Faulkner et
al. 2018). This will allow us to quantify whether neuron pairs are likely to be directly connected.

The degree of expression during the experiment is also of interest, as we expect synaptophysin

expression to be upregulated at certain synaptic boutons in neuronal subsets post-training

compared with pre-training.
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5.3. Methods

5.3.1. Experimental layout

Neurons are first differentiated from cultured ReNcell VM human neural progenitor cells
previously transfected with soma-targeted Chronos-GFP-syn via lentiviral transfection.
Differentiation is accomplished through removal of EGF and bFGF from the cell culture medium.
Post-differentiation, neurons are allowed to mature for 7 days in a 35mm dish, during which they
form a connected neuronal network. During the differentiation process, a minority of cells
differentiate into glial cells. Neurons are distinguished from glial cells during the experiment
through visualizing expression of the GFP marker on the Chronos protein complex, as it is
expressed through a synapsin promoter. Prior to experimentation, neurons are dyed with CLCVF,
a red-shifted membrane potential indicator with fast kinetics (Kirk, Raliski et al. 2020). Neurons
are then placed on our custom-built multiphoton microscope, BEAMM, previously described in

section 3.4.5, with further details outlined in Section Al.

Activity from a random sub-field is recorded and, in this field, the 20 most correlated
neurons are recorded. This first group of neurons will be known as group A. We will choose from
this two sub-populations, groups B and C, through Girvan-Newman community finding. B and C
are sequentially stimulated repeatedly with a 20ms delay, for 45 trials of 10 seconds each, during
which the natural response of the entire group A is recorded. Both sequences, B then C, and C then
B, will be explored to understand which sequence leads to the largest response on the entire neuron
group A. Whichever sequence yields the largest natural response will then be the sequence subject
to perturbations. To understand how STDP can modulate these responses, we then stimulate the

two subgroups in sequential order with a 2ms delay with the same number of trials and trial
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duration. Our hypothesis is that this “training” session would result in a varied functional
relationship between both B and C, and for A as a whole. We then plan to explore the opposite
relationship, an “un-training” session where the subgroups are stimulated 200ms apart, effectively

mimicking anti-correlation.

Functional relationships will be derived through correlating intensity curves for identified
neurons. Activity traces are first normalized through baseline correction, and then are transformed
into relative measurements instead of absolute intensity measurements by calculating the DF/F
(change in fluorescence over absolute fluorescence) for moving pre-determined time windows for
each trace. Once each neuron has a corresponding DF/F trace, each trace is pairwise correlated
with every other trace. These correlations are then placed into an adjacency matrix which
collectively describes the correlative relationships of the entire neuronal network in the field of
view. This adjacency matrix can then be used to calculate topological parameters like degree
distribution and visualizations of network architecture such as minimum spanning trees can be
generated, which can be used to understand the location and number of hub and leaf nodes. The
mean firing rate of A during trials will also be analyzed for variations due to training sessions.
Directed networks can also be generated through adaptive Granger Causality analysis for further

study on changes in flow of information throughout the network.

We expect trained sub-networks to exhibit reorganization in their minimum spanning tree

structure to reflect a higher degree of interconnectivity, potentially at the expense of

intraconnectivity. This would likely appear as stronger and more numerous edges between B and
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C leaf nodes, and decreased centrality inside B and C. This would reflect additional long-term

potentiation between neurons in B and C.

5.3.2. Overdrive

As previously stated, our goal involves the stimulation of neurons on the timescale of their firing.
Our chosen SLM, the BNS 1536x1536, has native refresh rates of up to 600 Hz. While this is one
of the fastest SLMs on the market, this speed is not sufficient for our purpose, as we wish to probe
the effects of STDP on a network at the upper bounds of synchronicity, which likely lie within the
characteristic time of an action potential (as short as approximately 1 ms). To increase our speed,
we utilize two methods pioneered by our collaborators in the Ritsch-Marte group at University of
Innsbruck, Overdrive and Phase Change Reduction (PCR).

The Overdrive method is established in the field and is available now as an upgrade on
commercial systems such as our BNS system and SLMs available from Meadowlark Systems.
Overdrive takes advantage of the fundamental operating principle of SLMs, the reliance on
rotating nematic liquid crystals to modulate refractive index. When applying a voltage U. to the
crystal inside a pixel, the phase ¢. is reached after some time. This response is approximated with
Eq.9.

@1 = @0 + (91 — 9o)(1 — e(t7t)/7) (Eq. 9)

where t, is the time at which U. is applied and t is the characteristic time constant. To

accelerate this response, one can instead apply the maximum allowable voltage U... and rapidly
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drop the voltage to the original U, once the desired phase ¢. is reached. If we wish to move the
crystal in the opposite direction, we can instead apply the minimum allowable voltage, here
normalized to zero (U..= 0). Fig. 24 shows a graphical representation of this process (Thalhammer,
Bowman et al. 2013).

PCR also relies on this property of rotations. Some SLMs, including our BNS 1536x1536
SLM, allow for phase strokes, or rotations, greater than 2. We add into our hologram calculation
a step which takes in account the current rotational state of all SLM pixels and changes the desired
rotation to the equivalent rotation greater than 2m (such as the equivalence of ® and 3m) if that
rotational move would be shorter. For example, a pixel currently rotated to 3m/2 would incur a
shorter transition time if moved to 137/6 than n/6. These two techniques, Overdrive and PCR, used
in conjunction with one another allow for a total theoretical transition time between patterns of
<2ms with our SLM, making feasible our original experimental goal (Thalhammer, Bowman et al.

2013).

7 overdrive switching

R ?,

\

Figure 25. Illustration of the overdrive method.

red line is the typical response when applying voltage Ui for desired phase g1 (Thalhammer,

Bowman et al. 2013).
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5.3.3. Synaptophysin Staining

Post-synaptic mechanisms of STDP are known to be reliant on NMDA receptors, however
pre-synaptic mechanisms are less well understood (Tazerart, Mitchell et al. 2020). As previously
discussed, synaptophysin is a pre-synaptic vesicle protein with a known role in activity dependent
synaptogenesis. CellLight Synaptophysin-RFP can be used to directly visualize synaptophysin
expression in live neurons in-vitro. As a pre-synaptic vesicle protein, synaptophysin is trafficked
along axons and is highly dynamic in relevant time scales to our experiment. However, it localizes
in high concentrations at synaptic boutons where it aids in regulation of synaptic vesicle
endocytosis (Kwon and Chapman 2011). We plan to use CellLight Synaptophysin-RFP to
visualize these boutons, and understand, first, how other neurons may be connected to labeled
neurons, and second, how synaptophysin expression changes in these boutons over time. Due to
its role in both vesicular endocytosis and activity-dependent synaptogenesis, synaptophysin can
be reasonably expected to increase in concentration at strengthened synapses. As such, we wish to
understand the degree of expression of this key pre-synaptic protein before and after training.
Upregulation of this protein would imply a significant increase in synaptic strength and activity
and would also provide further pathway-specific evidence of pre-synaptic mechanisms behind

STDP.

CellLight Synaptophysin-RFP labels heterogenously, with a transfection efficiency
typically less than 10%. This is advantageous for the purposes of the experiment, however, as clear
delineation can be made between synaptophysin expression belonging to one labeled neuron vs.
its unlabeled neighbors. Imaging of Synaptophysin-RFP will be performed via two-photon

imaging during stimulation experiments. A reference image set will be taken prior to training, and
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a second image set will be taken post-training. Synapses will be identified by examining static
regions along axons of high fluorescence intensity. The mean fluorescence intensity of these
regions will be compared between the first and second image sets to determine if synaptophysin
has been up or downregulated during training. Further, effort will be made to trace processes
adjacent to these regions to understand if connected neurons belong in studied subgroups, which

can provide a “ground truth” comparison metric for the network analysis discussed in 5.3.1.

5.4. Preliminary Results and Future Directions

To test the feasibility of Overdrive and PCR to target neurons sequentially at speeds <2ms,
we started by using an older model from the same manufacturer as a proxy (BNS HSP 256-1064).
To perform this simulated test, we used a sample of fixed neurons with a 60x objective and a
camera operating at 750 frames per second. This magnification and frame rate were chosen as they
closely mimicked desired experimental conditions. The generated patterns included an ensemble
of 10 equally spaced points which would encompass the soma of each target neuron (Fig. 25A and
B). After two such neurons were chosen, we repeatedly switched between the neurons to find our
minimum switching time for this SLM (Fig. 25C). Though the maximum frame rate the
manufacturer had specified for this model was 100 Hz, we were able to consistently change
patterns at a rate of under 2 ms (Fig. 25D), within the range of naturally occurring action potentials.
We achieved over a 5x speed increase over specification, proving the efficacy of the combination

of Overdrive and PCR in this regime.
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Figure 26. Demonstration of fast switching capability.

Intensity patterns (A and B) were used to test fast-switching. They are overlaid over the fixed
neuron sample (C) to show how we would target soma. The average intensity in the region of the

two targets is displayed in (D) as time passes in milliseconds.

We then moved our focus to the BNS SLM as installed on the BEAMM system, and have recently
finished optimizing hologram parameters to produce target patterns with low aberrations in the
target plane. ReN cells transfected with Chronos will be placed on the microscope in coming weeks

to provide initial data for this experiment.
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5.5. Summary of Work and Conclusion

Holographic microscopy is emerging as a premier technique for investigating neuronal network
dynamics in-vivo and in-vitro. Through the projects outlined below, we have addressed many fundamental
concerns with the use of SLMs for neuroscience applications, namely the ability to accurately and precisely
target neurons of interest, ensuring neuronal health, and increasing reliability of stimulation.

1) Tracking-based motion-correction for in-vivo experiments

Conducting experiments in awake animals is challenged by brain motion or jitter. The
persistent jitter in awake behaving samples hinders our ability to have an accurate read out of
neural activity or to reliably target neurons for photo-stimulation. Real time capable tracking-based
motion correction (Aghayee, Winkowski et al. 2017) corrects for the jitter and therefore allows for
areliable read out of neural activity that is essential for identification of relevant neurons for photo-
stimulation. Motion compensation can be used to identify the neurons of interest more accurately

as opposed to using the un-corrected image sequence.

2) Improving Spatial Light Modulator Implementations to Increase Fidelity of Photo-
stimulation.

Off-target illumination can be problematic in Holographic microscopy. Undesired speckles
and non-uniformities in target illumination can occur due to imperfections in phase-retrieval
convergence and the SLM’s physical limitations. Especially since the speckles can have
comparable intensity values to the target points depending on the hologram used. Our proposed
optical configuration can reduce these effects and yield more uniform intensity among target points

as well as providing maximum optical accessibility of the FOV.
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3) Adapting Optical Vortices as Stimulation Patterns

Photo-stimulation of neurons is achieved by targeting light-gated ion channels resting on
the neuron’s membrane. Photo-stimulation is more effective if more of these channels are targeted.
Since the soma can be modeled as a ring in a Z-cross section, a ring-shaped illumination is more
desirable. We have shown the use of optical vortices to stimulate targeted neurons more effectively
compared to similar methods using extended patterns. Moreover, lower power density, potentially
leading to lower photo-toxicity, is observed compared to a conventional point pattern. We are also
planning a future project to integrate these advances, among others, to push the boundaries of what

stimuli we can use to probe network dynamics and plasticity, detailed below:

4) Potential Use of High Speed Spatial Light Modulators to Investigate Spike Time
Dependent Plasticity in Neuronal Networks

By adapting techniques for increasing the switching time between patterns of existing
commercial SLMs, we can generate stimuli at a rate approximating that of an action potential. We
can use this ability to probe the upper limits of synaptic strengthening due to spike-time dependent
plasticity. We can further use the insight gained from this to modulate information flow, inferred
via adaptive Granger causality analysis, through monolayered neuronal networks. Modulating
information flow would be the first step to understand how the brain “writes” perceived
information to memory. Understanding this mechanism would open avenues for future research
focused on “writing” our own information to the brain, training individual neural circuits to

respond in a particular way to desired inputs. This could be used as a method to overcome certain
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long-term effects of traumatic brain injury, such as certain types of aphasia, where otherwise

recovered stroke patients lose the ability to understand spoken or written speech.

These projects together leverage and enhance the synergy of SLMs and optogenetic tools
and provide greater insight into the translation of different inputs into neuronal networks and
understanding of the plastic response of the network as a result. The fruits of this work could yield
new experimental modalities in which multiple patterns of activity replicating perceptions, called
percepts, are applied to networks in-vivo to provide not just arbitrary network perturbation, but
true synthetic sensations. These synthetic sensations could, in the future, allow for new types of
prosthetics, such as those that can provide sight and feelings of touch. Many groups are already
working on this (Barrett, Berlinguer-Palmini et al. 2014) (May, Ozden et al. 2014, Mosbacher,

Khoyratee et al. 2020), and | hope this work helps push the boundaries of what they can achieve.
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Appendix Al. Bio-Electrical and Mechanical
Microscope (BEAMM)

This microscope consists of one upright microscope (Sutter Instruments) and one inverted
microscope that both focus on the same object plane as illustrated in Figure 26. The bottom
inverted microscope, shown below the sample plane in Figure 26 is a Nikon TE200 with additional
motorized stage and focus drive, connected to a Hamamatsu ImageM X2 EMCCD set up to
perform epifluorescence microscopy and to collect the fluorescent emission from the sample. The
microscope is designed in a way that the two tunable and fixed paths can easily switch, enabling
the SLM path to be used with the 680nm-1300nm range instead of the fixed 1040nm wavelength,
by inserting a magnetic mirror (MRM1) and switching the combining dichroic to a long-pass
dichroic. Therefore, it can easily accommodate experiments using more conventional opsins such
as ChR2. Similarly, to switch the imaging path to the fixed 1040nm wavelength, one could remove
the magnetic mirror, MRM2. In this case the light will be directed by Dil dicroic to the beam
expander, and into the resonant scanners to be scanned for two-photon imaging. This allows for

pump-probe experiments using the fixed laser as a Stokes beam.
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Figure 27. The detailed optical layout of the BEAMM custom-built microscope.

The top Microscope is capable of two-photon imaging with a tunable path adjustable between

680nm-1300nm and two-photon photo-stimulation with a fixed 1040nm wavelength. The bottom
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microscope is a Nikon inverted epi-fluorescent microscope with a Hamamatsu EMCCD camera

to record the fluorescent emission from the sample.

The optical system schematic and details of the optical parts is demonstrated in detail in
Figure 26. Figure 27 shows the system as constructed in pictorial format. The Sutter Instrument
(SI) top microscope, the stage that holds the sample, and the bottom inverted microscope are
captured in Figure 27A. The microscope breadboard that holds the top microscope as well as some
optical components to image the phase mask displayed on the SLM to the back focal plane of the

objective.

Figure 28. Pictures of the BEAMM system.

A: The Sutter Instruments Movable Objective Microscope images the sample from above. While
the Nikon TE200 focuses on the sample from bellow. B: The breadboard mounting the SI MOM
head and some other optical components used in the photo-stimulation path. C: The layout of the

microscope on the optical table.
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Appendix Al.1. BEAMM Standard Operating Protocol

In experiment designs that use the top objective for photo-manipulation and the bottom
microscope for fluorescent recordings, the two objectives have to be placed at a coaxial position
and brought to the same focal plane. Here is a step-by-step protocol for finding the coaxial position
for the two objectives:

1) Turn on the camera and stage on the bottom microscope

2) Turn on the following components on the top microscope:

a) Sutter stage for the top microscope

b) PMTs (Do not increase the gain unless lights are turned off)

c) Resonant scanner controller
3) Start Scanlmage

a) Load the appropriate User Settings: Load > Samira.usr

b) Set the number of Frames to be captured

c) Power controls: check box for imaging pockels and turn power to 10% percent,

d) Set the zoom to 3 or 4 for more visibility of the scanned area and uncheck the
bidirectional scan

4) Approach the sample using the bottom objective, once the sample is in sharp focus,

proceed to step 5

5) Approach the sample using a slow mode (2-3) on the Sutter Instrument manipulator. If

a water objective is used, make sure that the objective and sample are coupled with water
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6) In micromanager set the exposure time to 300ms. The galvo-resonant scanner frame
rate is 30Hz, this will help with capturing a good signal to noise ratio from multiple
frames.

7) Make sure that the tunable laser shutter and the imaging USB shutters are open.

8) Start the scanners by hitting “loop” in main controls window of Scanlmage.

9) Using the top objective, slowly approach the sample until two-photon signal is picked
up by the PMTs. This signal means that the top objective is very close to focus.

10) Slowly scan the sample with the top objective until the scanned beam shows up in the
FOV of the bottom microscope. Once the scanned area of the top objective appears in the
bottom camera, the two objectives are in co-axial position. Now fine tune the focus by
changing the Z on the top microscope until the scanned square is in sharp focus. The two
objectives are now focused on the same plane. The next steps fine tune the two-photon
photo-stimulation path to this plane.

14) Turn on the fixed laser.

11) Run SLM gui to generate beamlets, and project the desired pattern

12) Adjust the virtual lens focal length in the gui until the points appear in focus.

13) Adjust camera exposure time and EM gain appropriately

15) Change X, Y position on the Sutter stage until pattern is centered on the camera

16) Shut down micromanager, scan image, and laser shutter when done

17) Close GUI used for generating phase masks, unload BNS libraries, close Matlab

18) Turn off all of the driver modules.
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Appendix Al.2. Other Work Utilizing BEAMM

Multiple experiments are currently planned using BEAMM, other than those previously
detailed. These experiments span multiple fields such as cellular biology, neuroscience, and optics.

Brief outlines of those experiments are detailed below.

1.Bio-electrical wavefront shaping using geometrically patterned excitation light

(Sylvester Gates, Brian Koss, Phillip Alvarez)

Waves of electrical activity underpin many collective behaviors in the body, from the
contraction of the heart to guidance cues for wound healing. However, disorders in these internal
processes can be visualized through abnormal waveforms. Abnormal wave morphology in
cardiomyocytes are known to correlate to arrythmias, for example. In this project, the researchers
are examining how these aberrant waveforms can be generated in a model system, genetically
modified HEK-293/T cells, using a spatial light modulator. This work will inform the creation of
and validate a simulation of wave propagation in biological tissues, to be used to understand the
physical underpinnings of aberrant wave morphologies and understand the phase changes that exist

between them.

2.Direct label-free imaging of endogenous 5HT transport in live ex-vivo crayfish guts

(Phillip Alvarez, Norma Pena-Flores, Ashley Chapin, Spandan Pathak)
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Multiphoton imaging has allowed for great advances in neuroscience through the
visualization of indicators of neuronal activity in-vivo. However, the necessity of fluorescent
indicators limits the applications to model systems and those robust to genetic perturbations such
as transfections. Utilizing multiphoton photochemistry, endogenous neurotransmitters such as
5HT and dopamine can be directly visualized without the need for fluorescent reporters. Using an
ex-vivo crayfish gut as a model system, this project plans to use BEAMM to examine transport of
5HT without any labels. This project hopes to understand how the uptake and release of serotonin

by gut epithelial cells and serotonergic neurons are related to the muscular activity of the gut.

3.0Optimization of optical vortices using adaptive optics (Brian Koss, Dulara de Zoysa)

Adaptive optics is a very active field of research that aims to correct for aberrations in
scattering tissue using active optical elements. The researchers in this work hope to create a
graphical user interface to allow for easy, feedback-driven correction of a variety of stimulation
patterns generated by a spatial light modulator, using patterns projected on said spatial light

modulator.
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Appendix A.2: Multi-photon Holographic
Microscope

This custom-built microscope combines a two-photon imaging path with two-photon photo-
stimulation using the virtual-lens configuration. A spatial filter is used to block the 0™ order when
it comes to focus (at the focal plane of L3). A custom camera path is also added to pick up the
fluorescent emission as well as to perform wide-field imaging. This microscope was mainly
designed and built to perform in-vivo photo-stimulation experiments in ACX Al. It takes
advantage of a Sutter Instruments movable objective microscope head that allows the objective to
move in X, Y, Z and pitch to approach the sample. Figure 28 shows a detailed schematic of the

setup previously shown in section 4.1.
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Figure 29. Detailed schematic of the multi-photon holographic microscope using the virtual-

lens configuration.

The two-photon imaging path is shown in yellow. The two-photon photo-stimulation path is shown
in orange. The laser beam is expanded to fill the SLM, A virtual lens of 150mm is projected on
the SLM superimposed with the phase mask. L3 and L4 image the intensity pattern formed at a Fu
distance from the SLM, and in the back focal plane of the tubelens. This pattern is then imaged in
the object plane by the tubelens objective duo. The custom built camera path picks up the

fluorescent light from the sample.
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The corresponding setup is depicted in Figure 23.

Figure 30. Multi-photon Holographic Microscope.

A: The microscope head which can move in X,Y,Z and Pitch to accommodate for imaging in ACX
in mice. B: Stage and objective arrangement for in-vivo experiments. C: Layout on the optical

table.

In-vivo photo-stimulation trials were performed on transgenic Thy-1 GC6 mice, co-
expressing GCaMP6s and Chrimson-tdTomato. Wide-field imaging was used to find the surface
of the brain. Two-photon imaging was performed in a deeper layer to find an area with reasonable
dual expression. Neurons were directly imaged in layer 2/3 of the auditory cortex using 2-photon

imaging. Target neurons were photo-stimulated with light shaped by the SLM. Post-experimental

110



analysis showed that responses were synchronized with stimulation events, ensuring that the
neurons were optogenetically excited and not only firing randomly. This correlation was confirmed
across multiple trials. Figure 2 shows a plot of neuron responses with stimulation events clearly

demarcated.
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