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Neurulation is a process that serves as the precursor to the spinal cord in vertebrates. Neural tube
closure (NTC), part of primary neurulation, involves the extensive coordination of cellular,
molecular, and mechanical events to transform the flat neural epithelium to a luminated epithelial
tube. Neural tube defects (NTD) are the result of mechanical failures that arise during neurulation.
Recent research has focused on understanding the molecular mechanisms underlying neurulation
but has difficulty correlating them to physical mechanisms. To better understand how physical
mechanisms are integrated and responsible for neurulation, several techniques have been applied
to study NTC in a range of in vitro environments. However, many of these techniques have been
limited due requiring the specimen to be fixed and/ or being invasive and requiring physical contact
with the specimen to extract the modulus. As such, there is limited resolution and only the

superficial layer of the sample is measured making assessing 2D/3D tissue mechanics inside a



growing organism is highly challenging. In this dissertation, we aim to quantify the mechanical
state of the neural tube without disruption to development. To do this, we adapted Brillouin
microscopy, a non-invasive, label- and contact-free imaging technique, to allows us to probe the
longitudinal modulus of the neural plate at every step of NTC with cellular resolution. This
quantification is performed as the embryo develops in real time using time-lapse Brillouin and an
improved ex-ovo culture method. We observed an increase in the Brillouin modulus of the neural
plate as the embryo develops from Hamburger-Hamilton stage (HH)-6 to HH-12. This increase in
modulus is consistent with previous data from other vertebrates such as Xenopus and Mouse
embryos and demonstrates the process of neurulation is driven by mechanical forces. Time-lapse
Brillouin imaging depicted stiffening and thickening of the neural plate during NTC, suggesting
these are coordinated events for NTC. Here, we show that tissue stiffness plays an integral role in
NTC and directly quantifying tissue mechanics during neurulation should allow us to better

determine the biomechanical nature of NTD.
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1. Neurulation and Brillouin Microscopy

1.1. Introduction

Neurulation is a key process in early gestational development of the brain and spinal cord. Neural
tube closure (NTC) is a central procedure of vertebrate neurulation where the planar neural plate
will be elevated and fused to form a hollow neural tube. A failure of this procedure can result in
severe neural tube defects (NTD), which represent one of the most common human birth defects
(Wallingford et al., 2013). Genetic and molecular processes that guide NTC have been extensively
studied for many decades (Colas and Schoenwolf, 2001; Copp et al., 2003; Wilde et al., 2014). On
the other hand, biomechanical mechanisms that may be involved in NTCs are attracting increasing
attention in recent years (Koehl, 1990; Schoenwolf and Smith, 1990; Vijayraghavan and Davidson,
2017). On cell and tissue level, the morphogenesis of neural tube (NT) can be considered as a
result of the interaction between the generated force and the mechanical resistance of the
embryonic tissue (Heer and Martin, 2017; Nikolopoulou et al., 2017): the successful closure of NT
requires the intrinsic force can overcome the opposing tissue tension that relies on its elastic
property. As such, the alteration of tissue biomechanics can cause the failure of the closure and
thus malformation of NT (Galea et al., 2017). Although the force production and tissue stiffening
during the procedure of NTC have been observed in experiments (Zhou et al., 2009, 2015; Galea
et al., 2017), the quantitative contribution of specific biomechanical processes to ensure robust
neurulation remains mostly unknown. One of the main reasons is the lack of tools that can map
the biomechanics of neural plate tissue in situ and in real time when the embryo is developing.
Confocal Brillouin microscopy is an emerging technique for quantifying the mechanical
properties of biological materials (Scarcelli et al., 2015; Prevedel et al., 2019; Zhang and Scarcelli,

2021). Different from conventional mechanical test methods, Brillouin microscopy uses a single



laser beam to measure the elastic properties of the material. This is based on an optical
phenomenon called spontaneous Brillouin light scattering (Boyd, 2003), where the interaction of
the incident laser beam and the acoustic phonon within the material will introduce a frequency
shift (Brillouin shift) to the scattered light (see Material and methods). By measuring the Brillouin
shift of the scattered light using a self-built spectrometer, the elastic longitudinal modulus of the
material can be directly quantified. Since Brillouin microscope is designed in a confocal
configuration, it can achieve diffraction-limited spatial resolution. In the past several years, we
have innovated this technique and demonstrated its feasibility for quantifying the mechanical
properties of single cell (Wisniewski et al., 2020; Zhang et al., 2020), embryonic tissue
(Raghunathan et al., 2017), and neural plate (Zhang et al., 2019) with subcellular resolution and
enough mechanical sensitivity. As an all-optical technique, Brillouin microscope can conduct
measurement in a non-contact, non-invasive, and label-free manner. Therefore, it could be a
promising tool for mechanically mapping the neural plate tissue in situ during embryonic

development.

1.2. Neural tube closure

The brain and spinal cord of vertebrates begin with the formation of a tube. There are slight
variations in primary neurulation between animal groups. For example, in amphibians, closure
occurs almost simultaneously at all axial levels. In mammals and avian animals, neurulation events
occur sequentially at multiple sites following a progressive closure style like a zipper (Davidson
and Keller, 1999; Nishimura et al., 2012; Spear and Erickson, 2012; Nikolopoulou et al., 2017).

In chick embryos, neurulation has two points of closure initiation at the future midbrain and at the



caudal hindbrain/cervical boundary, and bidirectional zippering occurs between the sites (Figure
1) (Van Straaten et al., 1996; Nikolopoulou et al., 2017).

Medial

Rostral |
Lateral <

» Lateral

\ 4

Caudal

Figure 1. Schematic of closure points in chick embryo from a dorsal view with axial identification.
Green arrows refer to midbrain closure point and blue arrows refer to the hindbrain/cervical
boundary midpoint. Arrow directions indicate bidirectional closure, zippering, at each closure

point.

The NP is initially identified as a flat sheet of neuroepithelial cells referred to as the
neural ectoderm (NE). The surrounding tissue include: the non-neural ectoderm (NNE),
bordering the NE, the mesoderm, and notochord (Wilde et al., 2014) (Figure 2A). The initiation
of NTC begins with the shaping of the NP whereby the NP thickens in the dorsal-ventral axis
(perpendicular to the medial-lateral axis) and is accompanied by the apical-basal heigh increase
in NE cells. Concurrently, a process called convergent extension (CE) act on the lateral edges of

the NP causing convergence towards the dorsal midline while elongating the NE in the anterior-



posterior (rostro-caudal) direction. Mediolateral cell intercalation drives CE and the shaping
process (Nishimura et al., 2012; Williams et al., 2014). During CE, cells converge by
intercalating perpendicular to the extension axis. This creates an array of cells that is longer

(extension) but thinner (convergence).
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Figure 2. General overview of primary neurulation. A) Flat neural ectoderm (NE) surrounded by
non-neural epithelium (NNE), paraxial mesoderm (PM), and the notochord (NC). B) Elevation of
the neural folds is followed by formation of the mediolateral hinge point (MHP), and formation of
the dorsolateral hinge points identified by the wedge-shaped NE cells. C) Fusion of the neural

folds result in formation of the NT beneath a layer of NNE.

Next comes NP bending when the median hinge point (MPH) forms at the dorsal midline

(Figure 2B). The MHP is identified by wedge-shaped cells, caused by apical constriction,



adjacent to non-constricted cells (Schroeder, 1970). The lateral edges of the NP is elevated due
to the constriction of cells at the MHP, creating the neural folds (Morita et al., 2012). Throughout
the bending process, the NP continues to converge and extend and guide the neural folds towards
apposition. The dorsolateral hinge points (DLHP) are formed between the medial and lateral
margins (Figure 2B) of the NP to assist fold apposition. The two ends are now referred to as the
neural crest. The timing and location of the formation of DHP varies between species. When the
neural folds are apposed, remodeling of the NE and the NNE occurs to form a closed NT covered
by a single layer of NNE (Wilde et al., 2014; Vijayraghavan and Davidson, 2017) (Figure 2C).
Once the NT is formed, the neural crest is disconnected from the ectoderm. The neural crest cells
will differentiation and form most of the peripheral nervous system (Chhetri and Das, 2021).

As one might expect, this highly orchestrated process is sensitive to perturbations which,
in all vertebrates, can result in NTD which affect approximately one in every 1000 births
(Lozano et al., 2012; Mai et al., 2014; Copp et al., 2015, p. 2015; Morris et al., 2016). Failure of
closure in the spinal region can lead to a variety of NTDs, most commonly spina bifida and most
severe being myelomeningocele, (severe form of spina bifida) and results in increased risk of
mortality with those who survive facing life-long disabilities and complications. More severely,

cranial NTD during primary neurulation leads to death before birth.

1.3. Neurulation biomechanics

The process of primary neurulation in vertebrates is a complex morphogenetic process involving
the coordination of multiple cellular and molecular events along with mechanical tissue
movements that remodels the flat neural plate (NP) into the lumenized NT (Davidson, 2012; Wilde

et al., 2014). Efforts in researching the cellular, molecular, and genetic processes during



neurulation has successfully resulted in identifying biological events and pathways essential to
neurulation and genes associated with NTD. However, it has been difficult to associate the
molecular mechanisms to the physical mechanisms that drive NTC. This chapter will illustrate the
physical mechanics of neurulation and how NTC arise from mechanical failures.

As discussed previously, neurulation occurs in four sequential stages. The closure process is
initiated when the NP undergoes differentiation, then bending — hinge-point formation and
establishing the neural folds, followed by elevation towards the dorsal midline, and finally
complete when the tips of the neural folds fuse together (Ray and Niswander, 2012). From shaping
to fusion to the propagation of NTC along the body axis, cellular processes drive biomechanical
events at every step. In parallel, biomechanical forces provide feedback to cells, influence gene
expression, modulate cell shape, and designate proliferation and survival.

Originally, it was thought that extrinsic forces from the epidermal tissue surrounding the edges
of the NP could drive neural plate invagination (His, 1874) but the theory lost favor when it was
shown that folds still formed even when isolated from surrounding tissues (Roux, 1885). It would
not be until 30 years later that embryologists proposed more intrinsic mechanisms such as apically
constricting cells in order to generate enough tension and force to drive folding (Glaser, 1916;
Lewis, 1947). Imaging with electron microscopy revealed cytoskeleton elements and intracellular
vesicles which were associated with cell shape change and aided in NP deformation during NTC
(Baker and Schroeder, 1967; Karfunkel, 1971, 1972; Brun and Garson, 1983; Schoenwolf and
Powers, 1987). While experimental models enabled the identification of several molecular
regulators of apical constriction (Sawyer et al., 2010), others have suggested alternative and
parallel mechanisms that also drive bending (Davidson et al., 1995). The NC and other dorsal

tissues including the paraxial somitic mesoderm (PM) are thought to contribute to dorsal extension.



The NC acts as a growth factor release center and a mechanical structure, functioning as a stiff
backbone in tadpoles (Wassersug, 1989; Hoff and Wassersug, 2000). Experiments in which the
NC was ablated, both amphibian (Kitchin, 1949) and zebrafish (Talbot et al., 1995) embryos were
shown to have shortened axes resulting in failure of dorsal tissue elongation. These studies suggest
the dorsal mesodermal tissues play an important mechanical role during NTC by applying forces
to the neural plate, extend the dorsal axis, and closing the NT. However, in a later study, it was
found that by isolating the paraxial tissues adjacent to the NT revealed that the PM was responsible
for more than 60% of the mechanical stiffness of the dorsal axis rather than the NT (Zhou et al.,
2009). The origin of the mechanical stiffness is still highly debated as several components such as
Collagen type Il fibers (Levental et al., 2007), fibronectin (Lee et al., 1984), fibrillin (Waters et
al., 2002; Skoglund et al., 2006), laminin (Wedlich et al., 1989), and other factors such as
actomyosin cytoskeleton (Kofron et al., 2002; Tao et al., 2007) are identified as potential stiffness
contributors but little is understood about how they contribute to the mechanical properties of
tissue. Studies have tried to isolate certain components of force contribution by performing knock
down assays and subsequently measuring the stiffness of the tissue. However, results from
different experiments may not often agree (Davidson et al., 2006; Zhou et al., 2009). Due to these
different approaches, the contributions of force generation from physical mechanisms during NTC
still requires more extensive understanding.

Multiple experiments have demonstrated that extrinsic forces can prevent NTC, implying that
intrinsically generated forces are necessary to achieve closure. In chick embryos, by culturing on
curved substrates and therefore introducing changes to the tissue curvature can delay spinal
closure. Suggesting that NTC can be modulated based on extrinsic mechanical forces applied to

the closing NP (van Straaten et al., 1993). Other studies performed have tried to capture the in vivo



forces produced during NTC by quantifying the expansion of incisions in different tissues. In
amphibians, small incisions in the ectoderm (NNE) extend uniformly and rapidly in all directions
suggesting the ectoderm’s ability to withstand isotropic stresses. In axolotl embryos, microsurgical
slit expansion demonstrates isotropic stresses in the epidermis but anisotropic stresses in the
neuroepithelium (Benko and Brodland, 2007) indicating internal pressures that drive neurulation.

While these studies show that extrinsic forces can perturb the biomechanical events driven by
intrinsically generated forces. Still, little is known about the extent of the contribution of specific
biomechanical processes that ensures robust neurulation. As discussed earlier, the association
between molecular and physical mechanisms is lacking and the mechanical description of
neurulation is necessary to understand the origins of NTD. As all neural tube defects are
mechanical in nature and understanding neurulation mechanics should allow us to better associate
specific cellular sources that contribute to defects in tissue mechanical properties, force generation,

or patterning.

1.4. Methods for measuring neural tube mechanics

Many important techniques have been developed to quantify the mechanical properties of
embryonic tissue (Campas, 2016), which can be approximately classified into three categories:
contact-based methods, bead/droplet-based sensors, and tissue ablation/dissection.

Contact-based techniques include atomic force microscopy (AFM) (Franze, 2011; Barriga
et al., 2018) or microcantilever (Zhou et al., 2009; Chevalier et al., 2016; Marrese et al., 2019)
based indentations, micropipette aspiration (Wen et al., 2015), and tensile tests (Wiebe and
Brodland, 2005). AFM and other cantilever-based methods utilize a tipped cantilever to approach

the sample from above. By indenting the sample, 2D surface measurements of Young’s modulus,



adhesion force, and deformation can be obtained. Micromanipulations using glass needles are used
to load tissue with tensional forces which can be modulated by controlling the duration and amount
of force/pressure applied. This technique allows one to observe how the sample reacts to the
aspirational forces. For tensile tests, wires may be fixed to the sample and separated at a constant
strain rate to determine the resultant stress. While the contact-based techniques can provide direct
quantification of tissue’s elastic modulus, they need physical access of the sample and to apply
force to deform the sample during measurement. Since neural tube tissue has irregular shape in 3D
and mechanically interconnected, isolate explants are usually required for unambiguous
mechanical test.

Bead/droplet-based sensors include optical/magnetic tweezer (Welte et al., 1998; Savin et
al., 2011) and microdroplet (Campas et al., 2014). Optical/magnetic tweezer uses force-driven
rigid beads or droplets to sense the mechanical properties of localized tissue. A highly focused
laser beam can move the refractile particles to exert and measure forces. Microdroplet uses
deformable droplet to quantify the tissue stress by analyzing the shape of the droplet via
fluorescence microscopy. These sensors can quantitatively measure the mechanical properties with
subcellular resolution after careful calibration. However, they require injection of beads or droplets
into tissue, making them invasive and low throughput.

Tissue ablation/dissection uses either an ultrafast pulsed laser beam (Galea et al., 2017) or a
blade (Beloussov et al., 1975) to dissect a portion of the tissue and evaluate the mechanical
properties based on the relaxation response. This method provides a semi-quantitative platform to
understand the stresses within tissue sheets. One can accurately control where cuts are made and
the initial recoil within the first few seconds describes the local and directional strains within the

tissue. This is an attractive technique because of the simple setup. Due to the mechanical



connection of embryonic tissue in 3D, this method mostly provides global assessment on relatively
large scale.

To summarize, existing methods have greatly advanced the assessment of embryonic tissue
biomechanics. However, due to the technical limitations, the in situ mechanical mapping of the

neural plate tissue during the procedure of NTC in live embryo has not been reported.

1.5. Biomechanics measurements via Brillouin scattering

1.5.1. Brillouin scattering

Brillouin light scattering (BLS) is based on inelastic scattering of light due to variations in the
dielectric constant in a material with the most common ones being vibrational or magnetic
oscillations (Fiore, 2021). This portion of the thesis will focus on vibrational oscillations (phonons)
which are characterized as vibrational modes of collective pressure waves within a material. This
thesis will also focus on spontaneous Brillouin scattering where the acoustic phonons are generated
by spontaneous thermal fluctuations within a material while in thermodynamic equilibrium and
without external perturbations. Like Raman scattering, Brillouin scatters light off vibrational
modes and the frequency of the incident light is changed during the scattering event. However,
Raman scattering is the result of molecular rotation and vibrational transitions whereas BLS is the

result of scattered light from acoustic phonons.

Consider the frequency w of scattered light from an object, we must first consider the

incoming wavevector, E with frequency w;, and the scattered light wavevector Tc: with frequency

ws. The subsequent wavevector transfer is described as

10



1)

Figure 3. Schematic of scattering process.
Wavevectors are assumed to not be parallel, thus 6 is defined as the angle between E and kj and
vector ¢ points in the direction of the traveling sound wave (Figure 3).

Depending on the frequency of the incident light w;, the resulting scattered light, w,, will

experience an upward and downward propagation
ws =w; £Q (2)

where Q represents the frequency of the thermal pressure waves.

Thermal acoustic phonons are related to the local mechanical properties of a material and travel at

the speed of sound, v,

3)

where M represents the longitudinal elastic modulus of the material and p represents the mass
density. In addition, the acoustic waves have a dispersion relationship where Q = qv, so eq (3)

can be rewritten as

11



(4)
Q= f&
PRk

Since the typical frequency shift of the phonon is very small (GHz regime) compared to the
frequency shift of photons (THz regime), we can approximate k; = k and the wavevector transfer

intensity, g, can be written as

. B Am 8 )
q=4in 51n2— 1 sm2

Finally, we obtain an expression for the Brillouin frequency shift wg, written as

(6)

where n is refractive index of the material, 1 is the laser wavelength, M’ is the longitudinal
modulus that quantifies the mechanical property, p is the density, and 8 is the collection angle of
the scattered light. In our Brillouin microscope, backward scattered light was collected, yielding
6 = 180 °. The Brillouin spectrum of scattered light contains a central elastically scattered light

component and the Brillouin double peaks (Figure 4) sometimes referred to as the Brillouin triplet.

12
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Figure 4. Brillouin spectrum with both inelastically scattered Stokes and Anti-Stokes frequencies
centered around the elastically scattered Rayleigh peak. The Stokes component has lower energy

while the Anti-Stokes component contains higher energy photons compared to the incident photon.

Based on previously published data, the ratio of refractive index and density p /n2 is

assumed to be constant within a given biological material (Scarcelli et al., 2011, 2012, 2013, 2015;

Kim and Guck, 2020). Thus, we can assume that the Brillouin frequency shift has a one-to-one

relationship to the longitudinal modulus where Q oc v/M’. In this dissertation, the reported Brillouin
shift values are in GHz, representative of the measure of the mechanical properties in embryonic
tissue. The timescale of Brillouin microscopy is determined by the characteristic frequency of the
phonons in the material, here it is on the timescale of 1-10 GHz. The length scale, determined by
the order of the wavelengths of phonons (on the order of hundreds of nanometers), is when
Brillouin interactions occur and Brillouin scattering probes the mechanical properties of the

material.

1.5.2. Longitudinal modulus
Brillouin light scattering (BLS) was discovered in 1922 (Brillouin, 1922) and initially used to

characterizing condensed matter in solid-state physics, crystallography, and geology. For these

13



materials, Brillouin can directly measure the full elastic tensor and the mechanical interpretation
is straightforward. It was not until the late 1970s-early 1980s that BLS was used to investigate
biological samples (Randall et al., 1979). However, in biological tissues, which do not follow the
straightforward rules of elastic solids, there is more complexity relating longitudinal modulus
with other moduli.

Elastic modulus consists of the stress and strain that describe the material properties of
objects. Stress is defined as force acting over an area and strain is an unitless measure of the
changes along a dimension of a deformable body, both of which are volume-averaged tensors
(Humphrey, 2001). Depending on the orientation of stress applied, specific strains can be
measured. The various elastic moduli are quantified by the experimental configuration of the

geometry of stress and strain of an object (Figure 5). The relationship between longitudinal

i) ii) i) iv)
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Volume/density changes under stress Volume/density stays constant under stress

Figure 5. Illlustration of the main tress-strain relationships in mechanobiology. i) Bulk (K) and ii)
longitudinal (M) moduli are associated with deformation changes in volume under stress. iii) Shear
(G) and iv) Young’s (E) moduli are associated with volume-conserving deformation under stress.

M and K describe a uniaxial stress-strain relationship.
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modulus and the other mechanical moduli in elastic solids are well established (Scarcelli et al.,
2011, 2015). Longitudinal modulus is similar to Young’s modulus in that they both describe a
uniaxial stress-strain relationship. The key difference remains in that the object deforms
perpendicular to the direction of applied stress under Young’s modulus while longitudinal modulus
probes the ratio of uniaxial stress-strain in a confined condition (Prevedel et al., 2019).

Tissues have high water-content and exhibit near incompressibility which results in a
significantly lower shear modulus compared to the bulk modulus (G << B). In highly hydrated
materials, the bulk modulus of water dominates and results in the longitudinal modulus measured
by Brillouin spectroscopy to be higher (GPa regime) compared to typical shear or Young’s moduli
(Pa — kPa regime) measured in tissues (Nikoli¢, 2022). The elastic constant in biological materials
is also dependent on the frequency of the periodically applied stress which can either be low
frequency and high frequency. Traditional mechanical rheometers perform quasi-static
viscoelastic measurements while in Brillouin measurements, the modulus is probed at high
frequency on the order of 10'° Hz. It has been empirically shown that Brillouin measured
longitudinal modulus, M’, has a log-log linear relationship to the quasi-static Young’s (or shear)
moduli, E":

logM' = alogE'+ b (7)

Where a and b are material-dependent coefficients and range between 0.02 — 0.1 in biological
materials. From this log-log relationship, the relative change of Brillouin modulus is related to the
relative change in Young’s modulus (Scarcelli et al., 2011, 2015):

AM'  AE ®)
[
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The relative error calculated for the frequency sensitivity of the Brillouin microscope is AM’/M =

0.02% and corresponds to the sensitivity of 2-10% in Young’s modulus. The power-law scaling
of elastic moduli dependent on frequency has also been shown in cells, tissues, and cytoskeleton
(Duck, 1990; Fabry et al., 2001). Even so, the relationship between longitudinal modulus measured
in tissues and quasi-static Young’s modulus requires a more thorough interpretation and
understanding.

1.5.3. Brillouin spectroscopy

The Brillouin signal collected from back scattered light is shifted on the order of GHz which
corresponds to approximately several picometers in wavelength. Due to the inefficiency of the
spontaneous BLS process (1 photon in a billion) and the narrow range of frequencies necessary
for detection (Prevedel et al., 2019), common grating or prism spectrometers would not have
sufficient throughput and spectral resolution. The Fabry-Perot interferometer (FPI) is the original
spectroscopic technique implemented in Brillouin and first proposed in 1897 (Fabry and Perot,
1897). A FPI consists of a set of two parallel mirrors separated by a free space of a specific length,
also known as the Fabry-Perot etalon, and light can either travel through or be reflected by the
instrument depending on the distance between the mirrors (Mielke and Elam, 2009). The
constructive interference condition is described by mA = 2 - d - cos6. The position of the mirrors
determines the type of interference (constructive or destructive) generated and what parts of the
Brillouin spectrum is being scanned. A standard FPI uses one etalon and has the resolution of a
few tens of megahertz. While this setup provides high resolution, there is not enough spectral
contrast to distinguish the Brillouin signal. To increase the spectral contrast, two FPIs are coupled
together, known as a Tandem Fabry-Perot interferometer (TFPI). For a multi-pass TFPI, scattered

light passes through the two cavities three times for a total of six passes. By combining the spectral

16



contrast of all the etalon passes, a TFPI can achieve up to 100 dB of spectral contrast. Thus, TFPIs
became a standard in Brillouin spectroscopy and was used for a variety of applications such as
material characterization (Dil, 1982) and some mechanobiological probing (Randall et al., 1979;
Lee et al., 1987; Lees et al., 1990). However, the drawbacks of a TFPI system are due to loss of
light in the reflected interference pattern. For this reason, TFPI-based Brillouin research in biology
has been limited due to the long acquisition times (more 10 seconds per pixel) as acquisition of
spectral components occur in a sequential manner and at low-throughput. While acceptable for
single point/ low sampling point measurements, TFPIs is not suitable for live cell imaging which
consists of high sampling points and scanning in three-dimensional volumes.

To utilize Brillouin for biological applications, Virtually Imaged Phased Array (VIPA)
interferometers were introduced in 2008 (Scarcelli and Yun, 2008). A VIPA’s design consists of
a glass etalon, like a FP, but with a highly reflective coating (>99.9%) on the first surface along
with a thin strip that has anti-reflection coating. This strip is where the cylindrical lens will send
the incoming laser light into. The VIPA’s second surface has a partially reflecting coating
(~95%) which allows the light to pass through. The dispersed light is captured by a CCD after a
focusing lens outputting a central Rayleigh scattered peak and both the Brillouin Stokes and anti-
Stokes scattered peaks (Scarcelli and Yun, 2008). VIPA based spectrometers enabled fast
acquisition of Brillouin spectra due to the ability to acquire all spectral components at high
throughput compared to an FPI. This improved acquisition time is not without tradeoffs. The
resolution of VIPA spectrometers is in the order of 0.5 GHz so the measurement of the Brillouin
frequency shift is straightforward, but the measurement of the linewidth requires further

processing. The contrast of a single VIPA etalon is only 30dB which can only measure nearly
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transparent samples (Scarcelli et al., 2008). For these reasons, over the past 10 years, VIPA
spectrometers have been designed in multi-stage architectures.

In 2011, the multi-stage cross-axis configuration was introduced. This approach allows
stray light to be separated and filtered from the spectra signal which greatly reduces the
background and crosstalk. With two stages, the extinction is improved to 55 dB (Scarcelli et al.,
2011). Even greater extinction can be achieved with an additional third VIPA stage (~80 dB) but
at a significant insertion loss. Further enhancements came from apodization which brought the
spectral extinction to 70 dB (Scarcelli et al., 2015). Even so, Brillouin spectral measurements
were still limited in highly scattering media. By integrating spectral coronography within a
double stage VIPA spectrometer, background noise can be reduced with no insertion loss. This
method yields up to an additional 20 dB in spectral extinction (Edrei et al., 2017), allowing the
system to reach ~80 dB. At high-extinction (80 dB), the elastic background is effectively
suppressed and the measurements are shot-noise limited in biological tissues (Fiore et al., 2016).
Currently, our lab has built the fastest Brillouin spectrometer (~20 ms), coupled to a confocal

microscope, that can perform sub-micron imaging in biological samples.
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2. Mechanical Mapping of Neural Tube Closure in Live Embryos Using

Brillouin Microscopy

2.1. Introduction

The biomechanical changes that occur during the formation of the neural tube, or neurulation,
are known to regulate and drive NTC. Neurulation occurs in four stages: formation, shaping,
bending, and closure, which gives way to the spinal cord in vertebrates (Ray and Niswander,
2012). While the genetics of the development process has been extensively studied, the
mechanics that drive neural tube formation in early embryonic development remains mostly
unknown. Failure of NTC can result in severe congenital malformations (Mai et al., 2014; Copp
et al., 2015; Morris et al., 2016) and as a result, it is necessary to study the timing and the extent
of the mechanical effect these cellular and molecular components induce during neurulation.
Current technigues such as atomic force microscopy (Franze, 2011; Barriga et al., 2018) and
fiber-based cantilever (Zhou et al., 2009; Chevalier et al., 2016; Marrese et al., 2019) require the
specimen to be fixed and require physical contact to extract the elastic modulus. As such,
extensive tissue preparation is required along with a limited field of view, making the assessment
of 2D/3D tissue mechanics inside a growing organism is highly challenging.

In this work, we investigated the mechanical changes of the NP from formation to closure
within intact live chick embryos. Using Brillouin microscopy, we were able to quantify the
longitudinal modulus of the NP with cellular resolution in real time as the embryo develops
(time-lapse Brillouin imaging) in a non-invasive, contact-, and label-free way. To do this, we
improved the ex-ovo culture method which allows us to map the neural plate while the embryo

continues to develop outside of their native environment. Directly quantifying tissue mechanics
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in developing embryos potentially paves the way to better understand how cellular and molecular

behaviors regulate the biomechanics underlying NTC.

2.2. Brillouin Instrumentation

Brillouin spectrometers can be configured with an inverted confocal microscope as a possible
experimental setup (Figure 6). Compatible with lasers of any visible wavelength, we deploy a
660 nm Nd:YAG lasers for its narrow linewidth and stability. An objective lens both focuses the
laser light onto the sample and act as the collector lens for backscattered laser light. Here, the

scattering angle 8 = 180° and the Brillouin frequency wg from eq (9) can be rewritten as

(9)

e
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Figure 6. Schematic of an inverted confocal Brillouin setup. Laser light is sent into the sample and
the backscatter is sent to the VIPA-based Brillouin spectrometer. The Brillouin spectrum is
captured by an EMCCD camera. The distance of the Brillouin Stokes and anti-Stokes from the

central laser peak is representative of local mechanical properties in the sample.
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The illumination light and the backscattered light are distinguished by using a polarizing beam
splitter and a quarter-waveplate. The collected backscatter is sent to the Brillouin spectrometer via
a single mode optical fiber. This optical fiber also serves as a pinhole to ensures the backscattered
light is coming from a single confocal volume. The spatial resolution of the sample is based on the
objective lens used. In this dissertation, we use a 40x, 0.6 NA with a working distance: 2.7 — 4
mm.

One interesting feature of Brillouin spectroscopy come from the fact that it is not dependent
on image depth, because it is not based on intensity measurements but frequency shifts
measurements. For example, in fluorescence microscopy, the fluorescence intensity is heavily
dependent on the imaging depth. As for Brillouin, the spectral shift is independent of the imaging
depth which means the Brillouin shift is unaffected when there is intensity loss due to turbid media
or samples. The main cause of signal loss is due to the low number of recovered photons in deep
tissue due to Beer-Lambert law. This results in a lowered signal-to-noise ratio which lowers the
instrumental precision. Previous experiments performed on large cell aggregates demonstrate the
ability to measure up to 150 — 200 um (Conrad et al., 2019).

Most VIPA-based Brillouin spectrometers for biological measurements utilize a relay
telescope and a square-hole spatial filter (Scarcelli et al., 2011; Berghaus et al., 2015) sandwiched
between two apodized cross-axis VIPA stages with linearly variable intensity filters (Scarcelli et
al., 2015). An electron-multiplying charge-coupled device (EMCCD) camera is used to detect the
diffraction pattern output by the final VIPA stage to detect the low signals. To map the sample in
3D, the microscope is fitted with a motorized stage and the laser beams raster scans the sample.

The Brillouin image is acquired by recording each individual spectral for each position in the
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sample. A least squares curve fit is then applied to the spectrum to determine the positions of the

Brillouin peaks.

2.3. Time-lapse Brillouin measurements

An inverted confocal Brillouin microscope was used for all experiments. A single mode 660-nm
continuous wave laser with power of ~30 mW was used as light source. The laser beam was
focused into the sample by an objective lens (Olympus, 40%/0.6 NA) installed on an inverted
microscope (Olympus, 1X81), which yields a spot size of 0.7 um x 0.7 um % 2.6 um. The backward
scattered Brillouin signal was collected by the same objectives and analyzed by a two-stage VIPA
(Light Machinery, 15 GHz FSR) based spectrometer, and the Brillouin spectrum was recorded by
an EMCCD camera (Andor, iXon 897) with an exposure time of 0.05 s. Two dimensional Brillouin
images were acquired by scanning the sample using a motorized stage (step size: 0.5 um). The
cross-section perpendicular to the anterior-posterior body axis was mapped by Brillouin
microscope, and the averaged Brillouin shift of the neural plate region was used to represent the
mechanical properties of the tissue. The Brillouin shift of the albumin is very close to that of the
vitelline membrane, making it difficult to identify the boundary of neural plate tissue in the
Brillouin image. To solve this issue, right before acquiring each Brillouin image, the embryo was
temporarily transferred onto a different culture dish filled with Ringer’s solution (Thermo
Scientific, BR0O052G). As soon as the Brillouin measurement is done, the embryo was transferred
back to the ex-ovo culturing dish for continuous development. To acquire the bright-field images,
a low magnification objective lens (Olympus, 4x/0.1) and a CMOS camera (Andor Neo) were used

when the embryo was in the ex-ovo culturing dish.
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2.4. Results

Fertilized white leghorn eggs were purchased from poultry farm of the University of Connecticut.
For in ovo culturing, eggs were incubated at 37 °C under high humidity. Incubation hours follows
Hamburger-Hamilton (HH) staging (i.e. 26-29 hrs of incubation to obtain HH-4 embryo)
(Hamburger and Hamilton, 1992). Time-lapse 2D mechanical imaging was performed on an
inverted Brillouin microscope (Figure 7A) (see Materials and methods). By definition, Brillouin
shift is positively linked to the longitudinal modulus by material properties including refractive
index n and density p. For biological materials, the ratio of refractive index and density p/n? is
found to be approximately constant (Scarcelli et al., 2013, 2015). Therefore, we here used the
Brillouin shift to interpret the relative change of elastic modulus without measuring the value of

the two parameters.

Side view
on-stage L—J
incubator
sample Top view
QO-ring
Parafilm
QwP B Filter paper
H Bnlloum Vietlline membrane
Spectrometer I Embryo
PBS FC Thin albumin

Figure 7. Schematic of the setup. (A) Confocal Brillouin microscope with on-stage incubator.
QWP: quarter-wave plate; PBS: polarized beam splitter; FC: fiber coupler. (B) Carrier dish for ex-
ovo culture. Side view (top) and top view (bottom) displays all components including embryo

within the carrier.

The ex-ovo culture protocol was derived from Chapman et al and Schmitz et al (Chapman et al.,
2001; Schmitz et al., 2016) with modifications for adapting to the Brillouin microscope. A 35 mm

glass bottom dish with a 20 mm micro-well (Cellvis, D35-20-0-N) was used for ex ovo culture. A
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1-inch metallic ring (Thorlabs, SM1RR) was covered with a single-layer Parafilm and a 1 cm
ellipse hole was cut into the center and placed over the micro-well (inner bottom well of dish). To
perform ex ovo culture, we used the filter paper carrier method to hold the blastoderm and vitelline

membrane under tension to mimic the situation of in-ovo culturing.
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Figure 8. Brightfield time-lapse imaging of ex-ovo cultured embryo without Brillouin experiment.
Representative of continuous ex-ovo development on thin albumin without any laser illumination
for 21 hrs. An HH8 embryo is extracted for ex-ovo culture after 29 hrs of in-ovo incubation (0 h).
Embryo is identified as HH13+ at 21 h of ex-ovo incubation (21 h) with a total incubation time of
50 hrs. Embryo develops according to the HH stages with identifiable markers at each stage. Each

image taken 1 h apart. Scale bar in white representative of 300 um.

The pre-cultured embryo around HH 4 was collected from the egg and then placed dorsal side
down onto a culture dish filled with thin albumin harvested from the egg (Figure 7B). Next, the
dish was placed into an on-stage incubator (Warner Instruments, SA-20PLIXR-AL) for sustaining

the development of the embryo (>21 hours) .
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Figure 9. Comparison of all incubation and experimental methods reveal similar development. (A)
HH 10 embryo after 39 hrs of continuous ex-ovo culture (30 hrs in-ovo + 9 hrs ex-ovo) on thin
albumin without any laser illumination. (B) HH 10 embryo after 38 hrs of time-lapse ex-ovo
culture (30 hrs in-ovo + 8 hrs ex-ovo) including transfer onto Ringer’s solution and exposure to

laser illumination during Brillouin acquisition. Red bar indicates location at which Brillouin

25



mechanical mapping was taken, at third somite position at the hindbrain/cervical boundary. (C)
HH 10 embryo after 38 hrs of in-ovo culture extracted for time-point NT mapping. All three
embryos experienced similar development time following HH stages and display similar

morphology with different methods of incubation and experimental setting.

To ensure the ambient temperature of the embryo is about 37 °C, the heater (Warner Instruments,
TC-344C) of the on-state incubator was set to 39 +/- 0.2 °C considering the heat dissipation from
the underside of the stage which is open to the objective lens. The time-lapse bright-field images
suggest the embryos from ex-ovo culture have developed with the similar time rate as those from
in-ovo culture (Figure 8 and Figure 9). No morphological damage or delay in development was
visibly detected.

A home-built LabView acquisition program was used to acquire both bright field images
and the Brillouin spectra. For calibration of the spectrometer, Brillouin spectra of materials (water
and methanol) with known Brillouin shifts were recorded and used to calculate the free spectral
range and the pixel-to-frequency convention ratio. The Brillouin shift of each pixel was obtained
by fit the Brillouin spectrum to a Lorentzian function. 2D Brillouin image was reconstructed from

the pixel vector. Further analysis was done using MATLAB and discussed in depth in Appendices.

In-ovo cultured embryos show increased Brillouin shift of neural plate against
developmental stage

To exclude any potential impact of the ex-ovo culture and the laser illumination on the tissue
mechanics of neural plate, we collected in-ovo cultured embryos (N=46) at different Hamburger
Hamilton (HH) stages (HH 6 to HH 12) and acquired 2D mechanical images of the cross-section

perpendicular to the anterior-posterior axis using Brillouin microscope. The representative
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Brillouin images suggest that the neural plate of the embryo at later stage has higher Brillouin shift
than that at earlier stage (Figure 10A-10D). We then quantified the average Brillouin shift of the
neural plate region for all the collected embryos. We observed that the Brillouin shift of the neural
plate showed a distinct increase from HH 6 to HH 9+ and approximately maintained its value
afterward (Figure 10E). The neural plate of later-stage embryo (i.e., HH 12) has an average
Brillouin shift of 6.353 GHz, which is 0.126 GHz higher than that of early-stage embryos (i.e., HH
6), corresponding to ~60% increase of Young’s modulus according to the empirical relationship

between longitudinal modulus and Young’s modulus obtained from cells (Zhang et al., 2020b).

E
Somite number
1 4 7 10 13 16
B 45 [y
N
. :
= ! W o@m
) IZIhF ]
£ 625} b
= =S
o
E
610 % 8 8 9 9*10°10 11 12

Hamburger-Hamilton stage
Figure 10. Result of in ovo cultured embryos. (A)-(D) Representative of four different embryos at

different HH stages: (A) HH 6, (B) HH 8, (C) HH 11, (D) HH 12. Red dashed line outlines the
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neural plate region. (E) Average Brillouin shifts of neural plate at different stages reveal continual

tissue stiffening. Number of embryos: 46. Scalebar in white representative of 50 um.

Time-lapse mechanical imaging of ex-ovo cultured embryo shows stiffening and thickening
of the neural plate during NTC

To quantify the mechanical evolution of the neural plate during the entire procedure of NTC, we
conducted time-lapse mechanical mapping of ex-ovo cultured embryo. The embryo was cultured

for more than 14 hours (Figure 11), within which the time-lapse Brillouin image of the neural plate

cross-section was acquired at the hindbrain/cervical region (Figure 12A).

Figure 11. Brightfield time-lapse Brillouin imaging of ex-ovo cultured embryo. Representative of

14 hrs of ex-ovo development during Brillouin imaging, including transfer onto Ringer’s solution
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and exposure to laser illumination. An HH 8 embryo is extracted for ex-ovo culture and time-lapse
Brillouin imaging after 26 hrs in-ovo incubation (0 h) and develops to an HH 10 embryo after 14
hrs of ex-ovo incubation (14 h). Brillouin acquisition occurs every 2 hrs with the initial acquisition
at 0 h (HH8). This is to allow the embryo to develop on thin aloumin between acquisition. Red bar
indicates location at which Brillouin mechanical mapping was taken, at third somite position at
the hindbrain/cervical boundary. Each image taken 1 h apart, 12 h not displayed. Scale bar in white
representative of 300 um.

The result shows the average Brillouin shift of the neural plate continuously increases with
culturing time (Figure 12B), which is consistent with the result of in-ovo cultured embryos. Repeat
experiments (N=9) suggest the stiffening of the neural plate during NTC is acommon phenomenon
for chick embryos (Figure 12D). Specifically, the Brillouin shift of the neural plate increased
significantly from HH 8- to HH 9 and remained minor change afterward. At the endpoint of ex-
ovo culture (HH 10), the neural plates have an average Brillouin shift of 6.336 GHz, which is 0.097
GHz higher than that of the earliest stage (HH 8-), corresponding to the relative increase of ~ 46%
in terms of the Young’s modulus. This is consistent with the result of in-ovo cultured embryos,
confirming that the ex-ovo culture and laser illumination did not affect the mechanical evolution
of the neural plate tissue during embryonic development.

Using tissue mechanics as a contrast mechanism in Brillouin imaging, we can also quantify
the morphological change of the neural plate during NTC. Here we measured the averaged
thickness of the two sites that were in the middle of the distance between the median hinge point
and the tips (Figure 12C). Consistent with published literatures (Colas and Schoenwolf, 2001;
Lowery and Sive, 2004), we observed 4-fold thickening of the neural plate from HH 8- (~13 um)

to HH 9 (~52 pum) (Figure 12E). Intriguingly, we found that the tissue thickening and the tissue
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stiffening exhibit very similar trend during the procedure of NTC. We then plotted the Brillouin
shift against the thickness for all the ex-ovo cultured embryos and found a strong correlation (p <
1 x 107°) between them (Figure 12F). This data suggests that the tissue stiffening and thickening

are probably coordinated events for NTC.
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Figure 12. Time-lapse mechanical imaging of ex ovo cultured embryos. (A) Representative time-
lapse Brillouin images of an embryo over 14 hours. (B) Average Brillouin shift of neural plate
tissue of the embryo in (A) is increasing with culturing time. (C) Thickness of neural plate tissue
of the embryo in (A) is increasing with culturing time. (D) Tissue stiffening against developmental
stage is observed for all the embryos. (E) Tissue thickening against developmental stage is
observed for all the embryos. (F) Correlation between average Brillouin shift and thickness of

neural plate. Number of embryos: 9. Number of measurements: 39. Two-sample t test is used to
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quantify the statistical significance. * p=0.008; ™ p=0.012; "™ p=0.049; ™™ p=0.01. Scalebar

representative of 50 um.

Tissue stiffening is correlated with the closure angle of neural plate during NTC
NTC is a complex biomechanical process of tissue shaping and patterning that are driven by force
and mechanical properties of the tissue. Therefore, it is fundamentally necessary to understand the

relationship between tissue mechanics and geometry.
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Figure 13. Tissue stiffening is correlated with tissue bending for ex-ovo cultured embryos. (A)

Definition of the closure angle. (B) Closure angle is correlated with average Brillouin shift of
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neural plate. Embryos are distributed into each 10° interval based on the closure angle. Data point
represents the average value of the embryos within the same interval. Error bar represents the

standard deviation. Solid curve is fitting result of an exponential function.

Here, we investigated how the tissue stiffening is possibly related to the geometric change of
the neural plate. Based on the Brillouin images, we defined the closure angle g as the intersection
of the left- and right- side neural plates at the median hinge point (Figure 13A). Next, we
distributed ex-ovo cultured embryos into each 10° interval and calculated the averaged values for
any interval having multiple embryos. We then plotted the Brillouin shift wp against the closure
angle S (Figure 13B). The data can be well fitted by a simple exponential curve wgz = A -
exp(B - B) + C, with fitted parameters A = —0.024,B = 7.85 x 1073,and C = 6.348. This
exponential relationship suggests that the tissue stiffening is probably synchronized with the

bending of the neural plate during the procedure of NTC.
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3. Conclusion

The Neural Tube (NT) acts as the precursor to the central nervous system including the brain and
spinal cord. Primary neurulation is the key morphogenetic event which involves the meticulous
choreograph of events to manipulate the flat neural epithelium into a lumenized NT. Thus,
neurulation is a complex process involving cellular, molecular and biomechanical activities (Miller
and Davidson, 2013; Nikolopoulou et al., 2017). Following neural induction, convergent extension
shapes the NP by simultaneously elongating and narrowing the tissue. Subsequently, the median
hinge point forms, creating the neural groove, and the neural folds are elevated. Then, the
dorsolateral hinge points form which appose the neural folds in preparation for fusion. Finally, the
neural folds meet and fuse at the midline, completing the formation of the NT. It is well known
that disruptions that occur during NTC can cause incomplete closure and result in NTD (Copp et
al., 2003). While the genetic regulation and biochemical signaling of NTC have been extensively
investigated, the biomechanical mechanism is less explored, and the underlying linkage between
microscopic cellular/molecular activities and macroscopic morphogenesis is mostly unknown
(Vijayraghavan and Davidson, 2017).

NTDs are among the commonest human birth diseases and regulated by both genetic and
environmental factors (Blom et al., 2006; Copp et al., 2013). On the tissue level, NTDs arise from
the physical failure of the neural tube due to the abnormal interaction of force generation and the
mechanical properties of embryonic tissue. Previously, there were many different theories of the
mechanisms that drove neural plate invagination (His, 1874). As experimental techniques and
imaging systems improved, many theories also lost favor (Roux, 1885; Glaser, 1916; Lewis, 1947,
Baker and Schroeder, 1967; Schoenwolf and Powers, 1987) and a more intrinsic mechanism

(Glaser, 1916) was proposed to generate the tensions and forces necessary to drive folding. Recent
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work provides strong evidence that the NTD induced by gene mutation is associated with altered
tissue biomechanics (Galea et al., 2017). There also has been multiple experiments that
demonstrates the prevention of NTC by applying extrinsic forces, suggesting intrinsic forces are
crucial to achieve closure (van Straaten et al., 1993; Benko and Brodland, 2007). Still, little is
known about how these intrinsic mechanical forces are linked to the cellular and molecular actives.
In addition, it has been difficult to pinpoint the specific biomechanical processes that ensure robust
neurulation. Therefore, a quantitative tool for measuring tissue mechanics should allow researchers
to attribute different NTD to specific dysregulation of cellular mechanisms that cause the failure
of the tissue closure, which could bridge the gap between genetic/environmental factors and tissue
biomechanics and help the prevention of the diseases.

Here, we developed a new imaging modality for time-lapse mechanical mapping of live
chick embryo. This modality is based on the combination of a confocal Brillouin microscope and
a modified ex-ovo culturing system, which has subcellular resolution and enough mechanical
sensitivity. Different from conventional techniques for mechanical testing, our method used a
focused laser beam to quantify tissue mechanics, making it non-contact, non-invasive, and label
free. We confirmed that the ex-ovo culture and laser illumination did not disturb the development
of the embryo. We demonstrated the feasibility of this technique by acquiring 2D mechanical
images of the neural plate in situ as the embryo was experiencing neurulation. We found that the
neural plate tissue was continuously stiffened during NTC, which is consistent with previous
observations (Wiebe and Brodland, 2005; Zhou et al., 2009, 2015; Barriga et al., 2018). Beyond
that, we observed tissue stiffening is strongly correlated with the tissue thickening and bending.

It is worth noting that, by definition, the high-frequency longitudinal modulus measured

by Brillouin scattering is different from the low-frequency or quasi-static Young’s modulus
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measured by conventional methods such as AFM. However, for many biological materials, it is
found that the two moduli change in the same direction in response to biological activities
(Scarcelli and Yun, 2018; Wu et al., 2018). Therefore, with a careful calibration for specific
materials, one might utilize Brillouin data as an empirical proxy for Young’s modulus. In this
work, we used Brillouin shift to estimate the relative change of modulus by assuming the ratio of
density and refractive index (p/n?) is constant. To quantify the Brillouin modulus more
accurately, Brillouin microscopy can be combined with other technique that measures the density
and/or refractive index directly (SchliRler et al., 2022). As the image depth increases, the Brillouin
signal will drop depending on the transparency of the tissue. For chick embryo, the maximum
penetration depth of our instrument is about 200 um. Further improvement can be achieved by
using a laser source with longer wavelength or wavefront correction techniques based on adaptive
optics (Edrei and Scarcelli, 2018).

Since our time-lapse Brillouin mechanical mapping technique can directly quantify the
tissue mechanics within intact live embryo, it can potentially open up new opportunities to better
understand the role of biomechanical mechanism in the procedure of NTC. For example, a couple
of crucial cellular activities including convergent extension (Wallingford et al., 2002), apical
constriction (Sawyer et al., 2010), and interkinetic nuclear migration (Smith and Schoenwolf,
1987; Spear and Erickson, 2012) may together coordinate the observed tissue stiffening,
thickening, and bending. The subcellular resolution of the Brillouin microscope will allow
researchers to further investigate the role of these cellular behaviors in regulating tissue
biomechanics. On the other hand, the mechanical cues can guide cell behaviors and cell fates
through mechanotransduction during embryonic development (Miller and Davidson, 2013; Davis

and Tapon, 2019); thus, the technique can also help understand the interaction between
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biochemical signaling and biomechanics. In addition, the closure of the neural tube is physically
driven by both the generated force and the mechanical resistance of the tissue (Zhou et al., 2015;
Galeaetal., 2017; Moon and Xiong, 2021). The in-situ quantification of the mechanical properties
could help decouple the roles of the force and the tissue mechanics thus allow better elucidation
of the biomechanical interaction. Furthermore, the computational modeling is a powerful tool to
understand the mechanism of morphogenesis (Davidson et al., 2010; Nishimura et al., 2012;
Murisic et al., 2015). The time-lapse mechanical images of the neural plate tissue acquired by our

technique can provide new input data for the simulation of neurulation.
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Appendices

A. MATLAB analysis protocol

A.1l. Introduction

This section will serve to describe each step of the analysis protocol which utilizes MATLAB

for each experiment.

A.2. Data collection
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A homemade LabView program was created by Hongyuan Zhang and Eric Frank. LabView
controls the Brillouin microscope and records the raw data coming from the VIPA-based
spectrometer which is acquired with an EMCCD camera. The raw data is a series of images
representative of each pixel of the imaged region. One can estimate the Brillouin shift by
recording the spectra of known materials such as methanol and water at room temperature to
calibrate the system. The system is calibrated with 500 repeated spectra of each material
before imaging and re-acquired every hour or if laser drifting occurs. Laser drifting is clearly
visible on the EMCCD image of the Brillouin spectrum. Water and methanol are prepared in
glass bottles and are recorded on a calibration arm instead of the microscope body. Next, the
biological sample is placed onto the microscope stage and a region of interest (ROI) may be
selected. A brightfield image is recorded using the LabView program in addition to the
Brillouin spectrum for each pixel of the ROI. The following files are saved in the data
directory:

e CalMeth.tdms - datafile, repeated measurements of the methanol spectrum

e CalWater. Tdms - datafile, repeated measurements of the water spectrum

e Brightfield.tdms - data file, single image of the full field of view of the

brightfield CMOS camera which contains the ROI



e AcgData.tdms - data file, acquired spectra for each pixel of the ROI

The data output by Labview are .tdms files which can be read using the function

convertTDMS.m (Humphreys, 2022).
A.3. Analysis steps
Analyzing one scan

Once all the files are collected, multiple MATLAB scripts will be used to perform the

remaining steps of the analysis.
Step 1. Convert all .tdms files into MATLAB readable files. Use
convert cmos images from tdms.m to convertand save the acquired brightfield
images from. tdms to a readable extension/ file type such as .tiff files for lossless compression.
This script will also automatically rotate the image by 90° followed by flipping horizontally to
achieve the true orientation. Use convert tdms calibration.m to convert the water
and methanol .tdms files into .mat files. Use convert tdms userinterface auto.mto
convert the raw camera images from .tdms files into spectra (intensity vs pixel). The spectra are
then returned where each row represents pixels and each column is one recorded spectrum.
Step 2. Calculate the free spectral range (FSR) and spectral dispersion parameter PR (GHz/pixel)
is calculated in calibration 2 parameter 1.m.Here, the user will have to load the path
of the calibration files and determine the region of the EMCCD camera where the Brillouin
spectrum is located. The rectangular region containing the spectrum is located. Both anti-Stokes
and Stokes of the next order (Brillouin peaks) should be visible in between the left and right
border of the rectangle. The user can specify the border of the rectangle to avoid stray light

coming from the elastic scattering background.
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For the calibration materials methanol and water, the peaks are fitted with a Lorentzian
function using least squares fitting protocol in MATLAB. The separation to the center between
anti-Stokes and Stokes ‘sep’ is calculated for water and methanol. Since the Brillouin shift of
water and methanol are known, they are used to estimate the FSR and GHz/pixel ratio, PR. The
Brillouin shift of methanol and water is 4.490 GHz and 6.013 GHz, respectively, with 660 nm
illumination and a backscattering geometry of & = 180°. First, PR is solved to convert the
separate of the peaks from pixels to GHz given by:

Wy, — Wiy (10)

PR =
sepl, — Sepp

where the subscript denotes water (w) or methanol (m) and superscript denote the units in pixels
(px). Then, the FSR is determined by the following equation:

FSR =g-seph" + 2wy, (11)

Then, the peak separation in GHz can be determined by the following:

sepSHZz = FSR — 2+ w, (12)
septHz = FSR — 2 w,, (13)

Step 3. Using the PR and FSR, we are now able to start the fitting of the experimental data.
Using cal . m, the path for the directory of the acquired spectra (AcqData.tdms) is mapped and
user can manually change the name and re-run the script section for each imaged ROI. Analyzing
the scanned ROI is the rate limiting step in the analysis process.

Step 4. Each spectrum is fitted with a Lorentzian function and the distance between the peak
centers is calculated and recorded as the variable sep. Then, the Brillouin shift for each pixel in

the ROl is calculated with the following:
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_ FSR — sep - PR (14)
B 2

Wp

The Brillouin linewidth is calculated by taking the average of the full width half maximum of
each fitted peak multiplied by the PR value. The Brillouin intensity is calculated as the average
intensity of the two fitted peaks. These images are useful for identifying areas of an ROI that
may have low signal due to scattering. Low signal may also present itself in the form of precision
loss in the Brillouin shift image but will be more evident in the Brillouin linewidth image.

Step 5. Inembryo analysis.m, a.mat file containing all the Brillouin shift for each pixel of
the capture image is recorded in BiM1 . mat. The Brillouin image can be reconstructed by
inputting the step size of the x-range of the ROI. Using roipoly from the Image Processing
Toolbox, a mask is created over a ROI to be further analyzed can be selected. roipoly returns
a binary image.

Step 6. Finally, Obtain the averaged Brillouin shift for the ROI selected in step 5 by multiplying
the Brillouin shift recorded in BiM1 .mat with the mask created using roipoly. The
averaged Brillouin shift is then taken from masked region. All of the variables created can be
saved in the directory allowing the user to quickly load the fitting result, re-display the image, or
repeat any step of the analysis in MATLAB by reopening any previous .m files.

A.4. Conclusion

This appendix describes the steps necessary to analyze experimental Brillouin imaging data. The
mechanical properties of the NT are highly variable parameters. Thus, efficient data processing
and organization is imperative for investigating the mechanical events that occur during

neurulation.
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