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CHAPTER 1:
INTRODUCTION

1.1 Motivation

Using optical energy to modulate neural activity has gained significant traction in the last two decades
due to its convenient implementation, spatial specificity, and contact-free capabilities. Infrared neural
stimulation (INS) uses pulsed infrared light to heat local regions of neural tissue transiently and evoke
action potentials from neurons. Since INS does not require genetic modification (1) or chemical
pretreatment (2), it offers a potentially flexible neuromodulation tool for clinicians and researchers (3-5).
Despite its broad-reaching utility, the fundamental mechanisms of INS remain unclear. Infrared light can
impact the physiological activity (e.g., calcium responses, hemodynamic activity) of more than just neurons
in the brain. Previous work in our lab showed that astrocytes contribute to cortical brain tissue calcium
responses evoked by INS (6). Astrocytes are rapidly becoming recognized for their crucial involvement in
neuronal signaling and overall brain health. Whether IR light directly modulates astrocytes remains to be
answered. Multicellular sensitivity to infrared light suggests a biophysical mechanism that extends more
generally. The lack of specific neuronal targeting by INS in brain tissue raises questions about how INS
drives neural activity in the brain. A clearer understanding of INS mechanisms would help realize how to
use IR light to study brain physiology from a multicellular perspective.

Irradiating cells with pulsed infrared light is believed to alter the physical dimensions of the
extracellular membrane and depolarize cell membrane potential (7, 8). Direct evidence of cell membrane
geometry changes during INS in live neural cell models is lacking. Characterizing cell membrane dynamics
at sub-second timescales in live cells is notoriously tricky and typically relies on indirect measurement
methods. If thermal-based changes in cell membrane physical dimensions underlie INS, it will provide a
broadly applicable explanation for IR multicellular modulation. While previous work has demonstrated that
infrared light can evoke responses in non-electrically excitable cells (6, 8-12), including those in the central
nervous system (6), research into the non-neuronal impacts of INS remains unexplored. There is a growing
need for tools to modulate astrocyte physiology in predictable ways to study their influence on
neurophysiology more broadly. Understanding the impact of INS on astrocytes would provide mechanistic
clarity into INS while demonstrating new approaches to studying astroglial physiology both in vitro and in

Vivo.



1.2 Goals

This dissertation aims to address two core hypotheses:

(1) Multimodal nonlinear microscopy can be used to directly visualize chemical changes occurring in
the cell membrane of live neural cells during INS.

(2) Astrocyte physiology can be directly and differentially modulated by INS through distinct
molecular signaling pathways.

The work laid out in this dissertation provides a basis for understanding vital mechanistic details of
directed energy neuromodulation. Furthermore, this work highlights the importance of considering the
impact of any neuromodulation method on astrocytes. This dissertation was organized into three specific
aims to address these core hypotheses systematically.

1.3 Specific Aims
Specific Aim (1): Develop and validate a nonlinear optical imaging platform to visualize
biochemical changes during INS.

Nonlinear optical imaging approaches offer flexibility in studying biochemical dynamics at sub-
second temporal resolutions. Combining nonlinear optical microscopy with direct biophysical
measurements of sample temperature would provide a valuable platform for studying INS-related
phenomena. However, the optical detection windows for nonlinear and thermal microscopies practically
limit their optical paths for simultaneous measurements. A microscopy platform that enables fast
measurements of temperature and functional dynamics in live cells and animals is not readily available.
Combining multimodal nonlinear and thermal microscopies would provide a helpful set of tools to study
the effects of fast photothermal modulation on many facets of cellular and tissue physiology. This aim
demonstrates the development and application of a multimodal nonlinear and thermal imaging system
(MANTIS) to perform nonlinear and thermal microscopies in neurological model systems during INS in
real-time. The MANTIS imaging platform provides a valuable basis for combining any number of optical

measurement techniques that rely on unique hardware configurations challenging to combine.

Specific Aim 2: Characterize the vibrational spectroscopic changes in live neural cells during INS

with hsSRS microscopy.

The phospholipid membrane is critical to every cell's existence. By compartmentalizing
biologically incompatible chemical reactions, lipid membranes facilitate the chemistry necessary for

cellular functions. Proteins that are responsible for initiating molecular signaling cascades are all influenced

2



by lipid membrane structure. Probing the biochemical changes of fast photothermal processes at subcellular
resolutions has been difficult. Modern advances in nonlinear Raman imaging have made studying INS more
feasible. This aim uses hyperspectral stimulated Raman scattering (hsSRS) microscopy during INS in
neuronal cell cultures. The resulting changes in SRS spectra provide spectroscopic insight into live cell
lipid membrane biophysics. Gold standard fluorescence methods of quantifying membrane biophysical
dynamics validate spectral observations. The results provide supporting evidence for the role that changes

in membrane physical geometry play in INS.

Specific Aim 3: Characterize the direct effects of INS on astrocytes in vitro.

Previous work from our lab indicates that astrocytes in the rat brain are involved in the observed calcium
response to INS in vivo. Whether astrocyte activation precedes neural activation or INS directly modulates
astrocytes is not clear. This aim provides a detailed characterization of the calcium and cell volume
dynamics observed in isolated astrocytes following INS in vitro. Widefield fluorescence imaging of relative
intracellular calcium levels assessed cell responsiveness to INS. Pharmacological methods deduced the
calcium-controlling pathways that shape cellular responses to INS. Different dosing strategies of INS drove
distinct calcium signaling pathways and regulatory cell volume dynamics. These results highlight important
considerations for deploying INS in vivo and highlight INS's potential utility in studying neurological water
transport.

1.4 Summary of Chapters
Chapter 1 provides a broad overview of the motivation and scope of the work laid out in this

dissertation.

Chapter 2 offers a detailed overview of the mechanistic, biophysical, and biochemical considerations
needed to explain the current mechanistic basis of INS. Sections include details on INS mechanisms, polar
membrane chemistry electrodynamics, nonlinear optical microscopy in the context of biomedical imaging,
as well as astrocyte molecular biology and physiology. The discussion provides a view of the gaps in the

currently known mechanisms of INS and the synthesis of broader findings across several research areas.

Chapter 3 details a novel multimodal nonlinear and thermal microscopy platform capable of achieving
real-time microscopic imaging in various neurological cell models, both in vitro and in vivo. The utility of
combining thermal and nonlinear microscopy is demonstrated, including key benefits and practical
drawbacks to such approaches. The work outlined in this chapter is peer-reviewed and published open-

access in Scientific Reports (13).



Chapter 4 utilizes the MANTIS platform described in Chapter 3 to study the biochemical dynamics of
a live neural cell model, differentiated NG-108 neuroglioma-astrocytoma cells, during INS. Experiments
made use of a novel application of hyperspectral stimulated Raman scattering (hsSRS) microscopy to
resolve the vibrational spectroscopic changes related to lipids during INS. The discussion analyzes the
vibrational spectra changes in the CH-stretch region of the Raman spectrum during INS. Spectroscopic
observations are compared with the mechanistic predictions of the current hypothesized model of INS.
Some discussion provides an outlook for nonlinear Raman imaging technology and its utility in studying
cell biophysics. The work outlined in this chapter is submitted for peer review and is accessible as a preprint
on BioRxiv (14).

Chapter 5 details the molecular and electrodynamic basis of isolated astrocyte responses to single pulses
of infrared light in vitro. Primary rat cortical astrocytes respond independently to single pulse INS.
Activation of inositol-3-phosphate receptors (IPsR) primarily drives the release of intracellular calcium ion
stores after IR exposure. Single-pulse INS appears to drive physiological changes in water transport
mediated by transient receptor protein vanilloid type IV (TRPV4) ion channels and aquaporin-4 (AQP4)
coordinated activation. Stimulation drove both cell swelling and shrinking phenomena in a spatially
dependent manner. This work is peer-reviewed and published in the March 2020 issue of the FASEB
Journal (15).

Chapter 6 shows the importance of considering IR dosing protocols when deploying INS for cellular
modulation. The work in this chapter provides a direct comparison of molecular signaling pathways shaping
calcium dynamics evoked by single and multipulse IR stimulation in primary rat cortical astrocytes.
Multipulse stimulation recruits significantly more extracellular calcium ion flux into astrocytes compared
to single-pulse stimulation. Uniquely, multipulse stimulation appears to mediate activation of receptors
sensitive to glutamate, GABA, and ATP. The release of neuromodulatory molecules through hemichannels
was suspected but inconclusive. The discussion details the implications of these findings and makes a case
for considering multicellular dynamics during INS in vivo. The work in this chapter is in preparation for

submission to a peer-reviewed journal and will be openly accessible as a preprint on BioRxiv.

Chapter 7 synthesizes the findings in each of the previous chapters and discusses their broader societal
impact. The scientific contributions of the presented findings are discussed, and future research directions

are provided.
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CHAPTER 2:
BACKGROUND AND SIGNIFICANCE

2.1 Optical Neuromodulation

The ability to selectively modulate neural activity has been a critical research tool for understanding
the nervous system's structure and function over the last 150 years. Since the times of Galvani, electrical
current has been one of the gold standard tools for studying the nervous system. Today, electrical
stimulation is often the preferred clinical and experimental method for verifying and directing neuronal
activity. Without forming a direct electrical connection with a neuron (e.g., patch clamping), the spatial
specificity and extent of stimulation and recording are limited. The idea of using optical energy to modulate
neural activity was first demonstrated in 1971 by Fork, who used a 488nm Argon ion continuous wave
(CW) laser to increase the baseline firing rate in an Aplysia pleural abdominal nerve preparation (1).
Following works attempted to initiate action potentials with continuous-wave irradiation, appearing as a
longer-term (10’s of seconds) heating effect increasing spontaneous firing rates (2, 3). Others showed
inhibition of neural signals through long-term laser exposure, often resulting in photo-coagulation and
photodamage (2, 4-7). These early results laid the foundation for the research to come, identifying the
potential of light as a unique tool for high precision neuromodulation.

In 1993, Callaway et al. published methods to use photochemical uncaging of free-floating
neurotransmitters to excite neurons (8). This advancement has shaped our current understandings of
neurobiology, such as synapse, spine formation, and functional cortical connectivity. Caged
neurotransmitters can control neuronal activity through specific molecular pathways. These uncaging
events can be spatially limited to the diffraction limit, allowing for high precision control of spatiotemporal
dynamics. Others have extended uncaging techniques to leverage multiphoton absorption events and caging
of other neurotransmitters (9-11). Despite these advantages, the need for additional exogenous agents

makes it less suitable for clinical translation but a crucial tool for neuroscience research.

In 2001, Hirase et al. demonstrated spatial and temporal precision of neuronal activation with a
high fluence of light from an ultrafast femtosecond laser source, free of exogenous labels (12). Two
apparent mechanisms appeared: one from prolonged lower-intensity exposure and one from faster high-
intensity exposures. Lower-intensity multiphoton depolarization was resistant to sodium channel blockers
but susceptible to antioxidant presence. These results suggested an absorption-based phenomenon mediated
by reactive oxygen species formation. The faster depolarization with high-intensity light pointed towards
nanoporation mechanisms from the electric-field-induced dielectric breakdown of the cell membrane. Pore

formation would allow charge flux through the cell membrane. The utility and clinical translation of



ultrafast lasers is difficult due to their cost and susceptibility to misalignment. Advances in fiber laser
technology make it more practical to have ultrafast laser systems in the clinic. However, the multiphoton
nature of the excitation phenomena requires a high degree of optical focusing power which dramatically
increases the potential for damage. Ideal pulse widths, peak powers, and exposure times need to be carefully
selected and focused to work effectively. Currently, label-free multiphoton stimulation remains more

practically suited for research applications than clinical use.

In 2005, optogenetics debuted through an optimized iteration of Channelrhodopsin-2 (ChR2).
Channelrhodopsin-2 is a blue-light sensitive cation channel natively expressed by some algae to regulate
osmolarity (13). Anionic photoactivatable halorhodopsins followed soon after (14, 15). Inserting the genes
for these light-sensitive ion channels into mammalian cells allows optical control of cell membrane
potential with visible light. This method substantially reduces the radiant exposure needed to depolarize
neurons in comparison to previous techniques. Optogenetics offers an optical neuromodulation technique
that acts through a well-known biomolecular mechanism. Additionally, the ability to use relatively
inexpensive incoherent light sources from LEDs or broadband lamps makes optogenetic modulation
adaptable to the existing neuroscience research toolbox. The ability to target protein expression to genetic
subtypes of cell populations makes optogenetics ideal for studying circuit-specific behaviors in live
animals. Early clinical trials are underway using optogenetics to treat blindness from retinitis pigmentosa
in humans (14, 16). The subject of genetic modification of human cells in live human subjects still poses
some ethical concerns. Many challenges stand in the way of using targeted genetic modification in humans
for neuromodulation clinically. As technology progresses, the chances to translate optogenetics clinically

will likely follow with extensive ethical and regulatory oversight.

Alongside the debut of optogenetics, Wells and colleagues first showed pulsed infrared light to
elicit neural activity in the rat sciatic nerve (17, 18). Using infrared light to excite neural activity has
attractive clinical potential due to its contact-free application, lack of electrical stimulation artifact, and lack
of need for exogenous compounds or genetic modification. Clinically, a turn-key compact optical neural
stimulation tool would offer improved spatial precision and minimal preparation time for use. Such
technology is well suited for nerve identification or intraoperative nerve mapping during spatially confined
procedures (19-21). With clinical translation in mind, early work in infrared neural stimulation (INS)
demonstrated that the stimulation efficacy and damage threshold radiant exposures appeared to follow the
spectrum of water absorption in the short-wave infrared (SWIR) regime between 2 and 10-micron
wavelengths. Interestingly, the ideal regimes of stimulation did not occur on absorption peaks of water. The
radiant exposures needed to cause damage and stimulation threshold were too similar. Maximum separation

in stimulation and damage radiant exposure thresholds occurred in relative absorption shoulders in the water
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spectrum - the separation of stimulation and damaging radiant exposures was furthest apart. Tuning the
absorption coefficient via adjusting stimulation wavelengths was posed as a possible means of depth
selectivity in stimulating different types of neural tissue.

2.2 Biophysical Mechanisms of INS

The follow-up to this initial work identified the mechanistic nature of INS. Experiments suggested
that a photothermal mechanism was at the root of INS. Transient spatial and temporal thermal gradients
were required to generate a neural response (22). However, the biophysics underlying the transient thermal
gradient at the cellular level to trigger an action potential was unclear. Wells and colleagues proposed
several possible molecular explanations. Temperature directly affects the cells' Nerst potentials, ultimately
affecting resting membrane potential and cellular excitability. Additionally, voltage-gated ion channel
kinetics are thermally governed by a Q10 factor known to affect the amplitudes and durations of stimulated
action potentials. Another explanation suggested a thermal gradient to generate a localized sodium
conductance increase and trigger voltage-gated sodium channel gating. Wells et al. made mention of the
possible heat-sensitive ion channels involvement in INS mechanisms. Albert et al. would eventually
confirm the involvement of sensitive ion channels in dissociated sensory neurons (23). Studies to follow

for a decade focused on mechanistic and translational applications.

Work in the auditory system, the vagus nerve, combined electrical-optical stimulation methods,
cultured cells, and live brain models further demonstrated INS as a safe, versatile tool for optical
neuromodulation (24-32). The underlying mechanisms connecting the thermal gradient to a cellular and
molecular explanation remained unclear. In 2012, Albert et al. demonstrated that temperature-sensitive ion
channel transient receptor protein vanilloid family subtype 4, or TRPV4, were implicated in INS evoking
sensory neuron activity in isolate spiral and vestibular ganglion cultures (23). Cationic TRPV4 channels
are well known to respond to elevated temperatures relevant to INS - they are likely to play a role in the
physiological responses in cells that express it. However, neurons in the nervous system do not uniformly
express TRPV4, such as motor axons that were the subject of initial INS works. The lack of conserved
expression across cell types suggests that TRPV4 is not a general mechanistic explanation of INS.
Subsequent work from Shapiro and Homma et al. demonstrated that infrared radiation transiently altered
cell capacitance by a universal phenomenon observable across planar bilayer preparations, non-excitable
Xenopus oocytes, heterologous expression models, and non-excitable mammalian HEK cells (33). Of the
several conclusions realized from this work, infrared light induced capacitive currents in an artificial lipid

bilayer, free of TRPV4, voltage-sensitive ion channel expression, or any cellular contents (Figure 2.1A-D).
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Figure 2.1: Pulsed IR exposure depolarizes cells and increases cell capacitance

I-V responses of HEK239T cells during INS to (A) 0.2ms and (B) 1ms IR pulses. (C) Q-V curves
calculated for 1ms IR pulses under several different ionic conditions. (D) Voltage responses of current
clamped cells to 0.5ms (blue), 1ms (cyan), 1.5ms (orange), and 2ms (red) IR exposures. Black trace is a
zoomed in on first 30ms of the 1ms pulse trace. (E&F) Change in measure capacitance of an artificial
PC/PE bilayer preparation irradiated with infrared light for 1ms, 2ms, and 10ms. (G&H) Change in
measure capacitance of a HEK293T cell partially with 0.2ms, 0.5ms, 0.75ms, and 1ms IR pulses. Figures
adapted from Ref (33).

Shapiro and Homma et al. concluded that depolarization of cells with infrared light is due to an increase in
membrane capacitance, up to 6% in artificial bilayers and 1.6% in HEK cells in vitro (Figure 2.1E-H).
Capacitance elevations appeared to decay on the order of thermal relaxation for water (Figure 2.1E&G).
Extrapolating these results to an excitable in vitro condition was predicted to likely depolarize an excitable
cell enough to generate an action potential. Shapiro and Homma et al. provide a universal explanation for
depolarizing currents generated from thermal properties unique to lipid bilayers. Work to mathematically
model their observations leveraged a Gouy-Chapman-Stern (GCS) model, which idealizes the cell as a fixed
geometry double-layer capacitor. This GCS model reproduced experimental observations of a pure artificial
bilayer well, but the molecular explanation for their results was unclear. Recent work questioned the validity
of this model, demonstrating that reversing a sign convention error in the Shapiro-Homma model predicted
a theoretical decrease in the cell capacitance. The GCS model employed by Shapiro and Homma et al. only
consider a static bilayer, where the temperature dependence of charge displacements in the Stern layers and
bulk water are not accounted for. Nonetheless, experimental evidence of capacitance increase is clear

(Figure 2.1E-H), despite the validity of their biophysical model.



Plaksin et al. published work that revised
the computational model proposed by Shapiro
and Homma et al. and suggest a new biophysical
This
benchmarked against the data from Shapiro and

mechanism. revised model was

Homma et al. and accurately recreated
(33, 34). The

proposed model in Plaksin et al. incorporated

experimental  observations
conformational changes in the lipid bilayer due
to temporal temperature transients temperature-
dependent membrane structure (35-39) and the
ionic displacement that directly results from
direct heating Figure 2.2A). The conformational
changes in the lipid membrane derived from the
that  with
temperature, lipid bilayers in polar solvents

literature indicate increased

undergo a thinning and lateral expansion
(increased area per lipid molecule) around at
reported rates of 0.11%/°C and 0.22%/°C,
2.2A&B) (40-43).

Incorporating these physical changes in the lipid

respectively  Figure

membrane dimension into their model overtakes
the small decrease capacitance predicted by the
previous GSC model to yield a positive change
in capacitance of around 0.3%/°C. The changes
in the membrane during INS alter the capacitance
and depolarize the cell. If the membrane structure
is changed enough, heating can depolarize cells

and drive action potentials in electrically
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Figure 2.2: Accounting for thermally dependent
bilayer structural changes in the cell membrane
explains capacitance increases during INS

(A) Changes in capacitance of numerous model systems,
including the detailed biophysical model accounting for
physical membrane changes due to temperature. (B)
Accounting for temperature-dependent physical changes
in the membrane accurately predicts
electrophysiological responses to INS. Figure adapted
from Ref (34).

excitable cells. This dimensional change, or mechanoelectrical effect suggested by Plaksin et al., relies on

the premise of the hydrophobic tails of the lipid membrane undergoing a temperature-dependent trans-

gauche rotoisomerization Figure 2.2B) (43). While the published data and revised model agree, there has

yet to be any direct experimental validation of their proposed mechanisms. Electrophysiology provides

an indirect observation of charge movement into and around cells. However, electrophysiology does not
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necessarily offer direct information about lipid conformational dynamics in biological models. To verify
the validity of the proposed model by Plaksin et al., a method to observe lipid membrane dynamics
during infrared neural stimulation is necessary. Such a technique could answer questions about the role

capacitance changes have on other non-voltage-sensitive ion channels.

Several groups have attempted to look at lipid membrane dynamics optically during infrared neural
stimulation and ultrashort pulsed electric field (PEFs) exposures. Moen et al. demonstrated that the cell
membrane undergoes some reorganization during INS, attributed to nanoporation and later disproven (44).
Further work by Walsh et al. showed that di-4-ANNEPS indicated distinct changes in the fluidity of the
cell membrane. Groups suggested nanoporation of the cell membrane was involved in the depolarization
events caused by INS (45). While nanoporation appears to play more of a role in the mechanisms
surrounding PEFs (44, 46, 47), this evidence does not appear to support the role of nanoporation during
INS. More recently, groups are exploring the role of photomechanical effects due to thermal expansion on
cellular models (48, 49). While much of the existing literature regarding changes in membrane fluidity
appears to corroborate the model proposed by Plaksin et al., newly emerging optical methods within

nonlinear imaging have the potential to offer a more direct observation of this mechanism.

2.3 Polar Membrane Chemistry

In considering the molecular structure of a typical biological lipid membrane, the lipid membrane
is composed primarily of amphipathic phospholipids. Each phospholipid molecule contains two acyl chains
of variable saturation covalently linked to a hydrophilic phosphate-containing nitrogenous head group.
Figure 2.3C shows the abbreviated chemical structures of phospholipid molecules. The amphipathic nature
of lipids leads them to self-assemble into micelles or bilayers in an aqueous solution, as seen in Figure
2.3A. Polar head groups form the outermost portions of the membrane leaflets to interact with aqueous
solvent and other polar molecules. The nonpolar aliphatic fatty acid chains are oriented between the polar
headgroups to form the hydrophobic regions of each leaflet. These bilayers serve as the critical structural
component for all cells. Lipid membranes separate biologically incompatible interactions within the cell to

allow for the dynamic chemistry of life.

In cells, the membrane can contain proteins. Transmembrane proteins can serve as channels or
transporters for passing ions or organic molecules across the cell membrane. These proteins can also act as
receptors for molecular signaling or cellular communication. More recently, the more accepted model of a

domain-based lipid bilayer describes that lipid bilayers in cells are composed of heterogeneous patches of
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Figure 2.3: Phospholipid assemblies and their vibrational spectral properties

(A) Biologically relevant assemblies of amphipathic phospholipids. (B) Artistic rendering of lipid
bilayers with microdomains of saturated lipids, cholesterol, and membrane proteins. (C) Chemical
structure of commonly present phosphatydilcholine (PC), phosphatydilethanolamine (PE),
Sphingomyelin (SM), and cholesterol (CHL). (D) Spontaneous Raman spectrum of each of the
previous panel constituents. Adapted from Ref (76)

lipid molecules or microdomains. The lipids within these microdomains can contain varying compositions
of phospholipids such as phosphatidylcholine (PC), phosphatidylethanolamine (PE), and
phosphatidylinositol (PI) that tend to be more unsaturated in their fatty acid chains. Additionally,
sphingolipids and cholesterol can exist in concentrated pockets within microdomains. These molecules alter
the local properties of the membrane. These dense patches of lipids are referred to as “lipid rafts” within
the cell membrane. Lipid rafts are important for physically stabilizing ion channels, aquaporins, and
cytoskeletal projections within the cell membrane. The properties and functions of these lipid rafts are still

an active area of research, appearing to play a critical role in the normal function of transmembrane proteins.

12



A unique feature of lipid membranes is their ability to sustain a potential difference without passing
appreciable current. This property of lipid membranes gives rise to a membrane potential difference,
through which electrodynamics can guide cell function. While numerous cell types undergo dynamic
changes in membrane potential for their normal function, control of membrane potential is the basis of
nervous system function. Transmembrane channels permeable to ions can allow for ionic currents driven
by electrochemical potential differences into and out of the cell. This interplay between cell
electrodynamics and protein-driven reactions drives a cascade of molecular events that ultimately lead to

action potential generation in a neuron.

Lipid membranes can exist in several different structural phases driven by intermolecular
interactions. Physiologically relevant membrane phases include gel, fluid, and gel-fluid transition phases
(50). These phases tend to be determined by the local structural arrangement and chemical properties of the
lipids, of which as well as temperature can play a crucial role (42, 51). Under physiological conditions, the
membrane is never truly at a stable phase. This instability explains how lipid domains and rafts can form
and disappear over a few seconds (52-54). Lipid rafts and microdomains tend to take more of a gel phase,
while the edges of domains and the lipids between domains tend to live in a fluid or gel-fluid transition
phase. Additionally, the role of temperature-dependent phase transitions on lipid rafts and subsequent ion
channel function is limited and challenging to study. While the role of phase changes in INS is unclear (46,
55), methods to reveal phase transitions in living systems could help address such questions.

A cell becomes electrically depolarized through the application of a trans-membrane ionic current.
In neurons, depolarization triggers the gating of voltage-sensitive ion channels, leading to a large and rapid
change in membrane potential. These rapid shifts in membrane potential — called action potentials —
propagate across the cell and form the basis of neuronal communication in the nervous system. Electrically
controlling and recording cellular membrane potential has been the primary neuroscientific tool for more
than a century. Practically, without direct electrical coupling to a single cell, its spatial specificity becomes
limited due to the spread of electrical current in tissue. Pulsed infrared light increases the spatial specificity
due to the ability to focus light and apply light in a non-contact fashion. Using light to drive neural activity
circumvents the issue with current spread and collateral cell stimulation. The ability to depolarize cells

optically makes optical neuromodulation a powerful research tool.

To better understand how infrared light can alter the lipid bilayer enough to generate neural
activation, it is essential to consider the potential ways that optical energy can affect the lipid bilayer. In the
case of the model proposed by Plaksin et al., the lipid membrane changes physically where the bilayer thins

and the lipid molecules expand laterally within the leafets. These assumptions derive from empirical
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measurements with x-ray diffraction and molecular dynamic simulations in simplified synthetic lipid
preparations (37, 38, 56-59). These techniques do not translate to measuring lipid dynamics directly in live
cells. Though x-ray diffraction techniques can yield more direct measurements of lipid membrane
geometry, it is possible to interrogate the structure of lipid bilayers using vibrational spectroscopy (60—
62). It is possible that transient heating can force phase transitions in the cell membrane and alter ion
channel properties (50). Groups have observed phase transitions at physiologically relevant temperatures
with vibrational spectroscopy (63), despite questions of its physiological importance. Structural
information about lipid membranes is accessible from vibrational spectra, such as those seen in Figure 2.3D
for biological membrane constituents. Optical techniques such as Raman spectroscopy are well suited to
image living systems easier than x-ray diffraction. More modern approaches using nonlinear optics have

the potential to make such observations in real-time.

Spectroscopic analysis of lipid membrane structures based on Raman spectroscopy dates back to
the late 1970s. Raman spectroscopy relies on the inelastic scattering of photons incident on a sample. The
molecular vibrations associated with covalent bonds exchange energy with incident photons and cause a
red-shift in photon energy. The relative shift in scattered photon wavelength matches bond energies of
covalent bonds interacting with the scattered photons (64). The chemical origins and local molecular

environmental factors can significantly —
Table 2.1: Lipid-Related Raman Bands of Interest

C-H related moieties,
native to proteins,

impact chemical bond vibrations. The finer

details of these bond vibrations provide
o _ lipids, and (60, 61, 76)
unique insight into the chemistry of carbohydrates
biological systems. summarizes relevant
I . Water Band.
vibrational spectra bands related to lipid Hydrogen bonding (82, 105,
bilayer structure. Common lipid functional |r_1forrlnat|0n. High 141)
signal.
groups, seen in Figure 2.3C, include C-H :
bonds in the phospholipid head groups and Triple peak indicative
L o of trans and gauche
the fatty acid tails. C-H bonds vibrations are B (60, 61)
present in several Raman spectral regions. aliphatic chains.
The 2800-3100cm™ band of the Raman Symmetric C=C
spectrum reveals numerous C-H stretch s':}re_tch in aliphatic (76)
chains
vibrations largely tied to fatty acid tails of
phospholipids. CH, stretching peaks occur CH; scissoring mode,
o . dominantly present in 76
at 2850 and 2880cm, indicating symmetric lipids. (76)

and asymmetric oscillations, respectively.
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This CH; signal is dominated by methylene moieties in the fatty acid tails of lipids. CHs peaks at 2930 and
2960cm™ are also observable as terminals to fatty acid chains and head groups. Several Fermi resonances
exist for CH, and CHj3 bonds (60, 61, 65). Peaks associated with sp? C-H bonds, more dominant in sugars,
aldehydes, and unsaturated fats, can present closer to 3010cm?. Aromatic sp? C-H peaks from nonpolar
amino acids present around 3060cm™ (65). Subtle changes in each of these bands correlate to protein and
lipid structure changes. Lateral packing of fatty acid chains is particularly noticeable in the lower energy
side of the C-H stretch region of the Raman spectrum (62). However, the amount of information convolved
in the C-H stretching region can make interpreting lipid-specific changes difficult. Considering alternative
lipid-specific signatures can be helpful. Specifically relating to INS mechanisms, the 1000-1150cm™ region
contains three peaks whose relative proportions describe rotational conformations of fatty acid skeletal
chains about C-C bonds. Spectral changes in this skeletal carbon vibration window offer a view into the
trans-gauche isomerization thought to drive membrane thinning in the model proposed by Plaksin et al.
(34). Additional information regarding lateral packing of aliphatic chains present as spectral broadening or
shoulder appearances within the 1447cm* peak. The 1667cm™ band offers complementary information to
the 1000-1150cm™ band. In sum, Raman spectroscopy can describe the structure of biologically relevant
lipid bilayers.

2.4 Nonlinear Imaging
Technologies enabling nonlinear imaging have advanced substantially over the past 60 years. The
breadth and availability of turn-key ultrafast laser sources have had a tremendous impact on biomedical
research. Neuroscientists have come to rely on multiphoton fluorescence as a means of deep tissue imaging
of neural activity in anything from acute slice preparations to awake and behaving animals. While
fluorescence has become one of the most useful applied optical tools in neuroscience, nonlinear imaging

can bring even more practical tools to the neuroscientists’ toolbox.

Nonlinear imaging is a class of imaging techniques that leverage nonlinear optical processes as a
mechanism of contrast to reconstruct spatial or volumetric maps of samples. Nonlinear optics describe
optical processes that occur when induced dipoles in a sample do not respond linearly to the incident electric
field. Generally, the nonlinear behavior of a medium only occurs at high electric field strengths achievable
with high-powered lasers. Biologically, achieving nonlinear optical contrast required the use of ultrafast
lasers, which concentrate the average photon output into short sub-nanosecond pulses. The result is kilowatt
level instantaneous powers achieved during each pulse while maintaining a milliwatt level average power
that reduces the risk of damaging biological samples. The high instantaneous power pulse-to-pulse
improves the statistical likelihood of a nonlinear optical process occurring —which scales quadratically with

peak laser power. While dozens of possible nonlinear optical processes occur more-or-less simultaneously,
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narrowing spectral bands of detection at the photodetector can allow for preferential selection of nonlinear
contrast mechanisms. For this dissertation, the optical processes of interest are multiphoton fluorescence
(MPF), second harmonic generation (SHG), coherent anti-Stokes Raman scattering (CARS), and stimulated
Raman scattering (SRS).

Multiphoton fluorescence is an optical process similar to single-photon fluorescence, where a
higher energy photon is absorbed by a fluorophore and emitted in the form of a lower energy photon (Figure
2.4). These lower-energy photons can be filtered and detected with a photodetector. With MPF, the

simultaneous absorption of two or more lower-

Second Harmonic

energy photons can drive the same electronic Single-photon  TwoPhoton e 2"
Fluorescence Fluorescence 1

transition as the single-photon fluorescence

process. The resulting fluorescence of a higher — —

energy photon can be filtered and detected _CARS SRS

similarly to single-photon fluorescence (Figure — 1 '\ 1
2.4) (66). The practical benefits of multiphoton- 4

driven optical processes are that scattering

effects fall off as a function of 1/A* Using

longer wavelengths to excite optical contrasts
Figure 2.4: Jablonski Diagrams for nonlinear

enables deeper imaging into tissue while
processes

drastically reducing photobleaching and

phototoxicity. The drawbacks are that the multiphoton absorption has a low statistical probability of
occurrence, requiring reasonably high powers from ultrafast laser sources under tight optical focus. These
intensities can adversely impact samples, especially in biological samples. Recent work into the collateral
effects of ultrafast illumination for multiphoton imaging showed that temperature rises during imaging are
not a reason for concern below 200mW of power at the sample with a typical femtosecond laser (67). Over
time, multiphoton fluorescence has evolved to be a standard technique for imaging live tissue with an array
of different indicators (68). Standard methods for observing neural activity such as patch clamping, local
field potential measurements, and multielectrode arrays are useful; they lack the spatial information and

genetic/molecular specificity of fluorescence-based imaging methods.

Second-harmonic generation (SHG) is a parametric generation process that uses frequency
doubling incident laser light using non-centrosymmetric crystals. While multiphoton fluorescence drives
an electronic absorption event twice the energy of incident photons, higher harmonic generation phenomena
generate a new wavelength of light at some harmonic frequency of the incident light under certain physical

conditions (69). For SHG, the optical process is selective for repetitive and ordered chemical structures
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that lack inversion symmetry. Only a handful of biologically relevant molecules meet the selection criteria
for second harmonic generation endogenously, including critical tissue structural components such as
collagen, myosin, tubulin, spindle fibers, and actin (70). In the context of lipid membranes, aryl dyes such
as di-4-ANNEPS can be used to observe cell membrane dynamics to gain insight into membrane order (55,
71, 72). Neurologically, SHG is useful in mapping microtubule networks in mouse brains (73, 74) as well
as highlighting connective tissue in peripheral nerves (75). While SHG primarily offers a means of
structural contrast, the ability to use probes of lipid membrane molecular dynamics makes it a potentially

helpful tool for studying the biophysics behind INS.

Lipids are well known to have a relatively high Raman scattering cross-section, which measures
how readily a molecule inelastically scatters incident light (76). In biological tissues, lipids are present in
cell membranes, organelle membranes, and neutral lipid stores. These cellular and tissue lipids are well
known to contribute to bulk tissue Raman signals. However, applying spontaneous Raman spectroscopy to
fast photothermal events at subcellular resolution is infeasible. The single-point sampling rates for confocal
Raman microspectroscopy of live cultured cells can approach 0.02 Hz (77, 78). Infrared light exposures
for INS occur on the order of milliseconds and thus would necessitate sampling rates approaching 1kHz.
Coherent Raman imaging can integrate into existing nonlinear imaging systems using the same ultrafast
lasers and laser-scanning nonlinear microscopy technology for SHG and MPF. Nonlinear approaches to
Raman can increase signals by several orders of magnitude and enable the sampling rates necessary for
high-speed imaging.

Coherent Raman imaging (CRI) relies on the nonlinear interactions of multiple ultrafast laser pulses
where the laser beat frequencies can coherently excite vibrational bond motion in a four-wave mixing
process. While several permutations exist, the most frequently utilized methods for CRI are coherent anti-
Stokes Raman scattering (CARS) and stimulated Raman scattering (SRS). The CARS signal relies on the
interaction of a pump (Ep) and Stoke (Es) beam to drive multiple stages of virtual absorption before
generating a blue-shifted optical frequency (Ecars) from the incident beams. This blue-shifted signal, or
CARS signal, is only generated when the difference between the two incident electric field frequencies
match a vibrational peak present in the sample’s Raman spectrum (Ep — Es = Q). By tuning one of the
incident beam’s energies, or wavelength, it is possible to obtain spectral Raman information limited by the
tuning speed of the laser. SRS, unlike CARS, uses a pump-probe method of detecting the same four-wave
mixing process generating coherent Raman contrast. The SRS process relies on the modulation transfer
between an incident pump and probe beam, where one beam has undergone known intensity modulation.
The transfer of the known modulation frequency between beams occurs more strongly when the beat

frequency between the beams matches a vibrational resonance in the sample. While CARS and SRS are
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detected quite differently, the optical processes co-occur. As such, CARS and SRS can be detected
simultaneously. While the hardware and software configurations for CRI can become complicated, MPF
and SHG imaging can be readily adapted by adjusting optical detection filters.

Ford Motor Company realized
spectroscopic CARS in the 1960s to analyze gas
combustion and rubber production processes
(79). Its translation into a laser scanning
microscopy format for biomedical imaging
began when Zumbusch et al. adapted CARS
contrast to a laser-scanning multiphoton
microscope platform in 1999 (80). CARS has
been used primarily in the 2800-3100cm™*
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Figure 2.5: CARS and SRS of Human Mammary
in vitro (83). While work thus far aimed to Cells -

Example applications of (A) CARS and (B) SRS
) = imaging of MCF10A human mammary cells. C) An
temporal  resolution was not a major example imaging schematic of a femtosecond-based

consideration in these applied studies. To date, Ccoherent Raman scattering microscope.

most applications of CARS and SRS focus on the high wavenumber C-H stretch region of the Raman

molecules between layers of multilamellar
vesicles (82), and lipid composition within cells

characterize lipids spatially and spectrally, high

spectrum (2800-3100cm™). Some have successfully observed lipid signals at 1450 and 1647 cm™ with
CARS - nonresonant background processes can drown out other weaker CARS signals in the fingerprint
region of the Raman spectrum (400-1700cm™). Many additional peaks specific to lipid bilayer
conformational changes lie in the fingerprint region of the Raman spectrum. The fingerprint window
contains more fine spectral features than the high wavenumber regime. Probing these peaks during INS

would provide crucial insight into the biochemical changes in neural cells during INS.

Beyond detection complications, one of the key issues of employing CARS in the fingerprint
Raman spectral regime is nonresonant background. Background signals from other nonlinear optical

processes — unrelated to the basis of CARS signal - can overwhelm CARS signal and make retrieving
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vibrational spectra difficult. Several strategies can circumvent this problem, including broadband CARS
techniques (84-90). CARS spectra tend to differ substantially from spontaneous Raman spectra. Stimulated
Raman scattering (SRS) imaging gets around these issues due to different detection techniques. Pump-
probe-based lock-in detection decouples relevant Raman signals from competing background processes.
The result yields nonlinear Raman spectra that are more analogous to spontaneous Raman spectra, making
interpretation easier. The main drawback to SRS is that its hardware implementation is more complicated
than CARS (Figure 2.5C). Resolving fingerprint Raman peaks with SRS is gradually improving (91-95).
Additionally, stimulated Raman scattering can visualize spectroscopic signatures relating to changes in
neuronal membrane potential (96). Though requiring more elaborate balanced detection strategies to
mitigate system noise, SRS detected spectral changes correlated with action potentials. Others used SRS to
visualize the release of acetylcholine from nerve terminals at neuromuscular junctions (95). Video-rate
SRS shows drug diffusion and blood flow processes (97, 98). Deuterated lipids and proteins can highlight
protein and DNA synthesis. Libraries of vibrational dyes designed to resonate in the silent window of the
Raman spectrum allow multiplexing dozens of histological labels simultaneously (99-102). SRS offers
many distinct advantages over CARS which are helpful in many research applications. Not only can CARS
and SRS offer chemical-specific information at a high spatial resolution, but they can do so at relatively
high imaging speeds. Therefore, nonlinear Raman imaging can yield new insight into the biochemical
dynamics of fast processes such as INS. Changes in certain Raman bands relating to lipid membrane
structure (103, 104), water hydrogen bonding dynamics (82, 105), or indicators of protein structure
changes (96, 106), could yield new insight into the biophysical mechanisms of INS.

While nonlinear imaging can help understand functional and biochemical dynamics in biology, the
optical design of such imaging systems leaves them susceptible to perturbation. In INS, where transient
heating due to water absorption is a critical part of its mechanism (22), the induced temperature gradient
can introduce a thermal lensing phenomenon that defocuses ultrafast laser excitation. This phenomenon
serves as the basis for several types of imaging, such as photothermal microscopy (107, 108). Roth and
Barnes et al. have demonstrated how probe beam deflection can visualize this thermal lensing process in
real-time (48, 49). In the context of nonlinear imaging, where defocusing of the excitation laser can lead
to decreases in numerical aperture and loss of nonlinear contrast, this can pose a problem for imaging during

INS. The optical system used to observe INS will need to accommodate such optical perturbations.

2.5 Astrocyte Neurobiology
Neurons account for 20 to 50% of the cells in most mammalian brains (109). The remainder of
those cells falls into the broad classes of either vascular cells or glial cells. The dense network of vascular

and glial cells is responsible for coordinating the nutrients, oxygen, and microenvironmental stability
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critical for neuronal function. Blood
flow throughout the brain is a
dynamic balance dependent on the
local energetic demands of any
neurons or glial cells at any given
point in time throughout the brain
(110, 111). Blood flow in the brain is
a tertiary indicator of local neuronal
activity. For more than a century,
glial cells were thought to serve
structural and passive roles in the
central nervous system enabling
neurons to function normally (112).
While this thought is true, it only tells
part of the story. The additional roles
of glial cells are rapidly emerging in
the neuroscience community (113).

Glial cells are present in the ™ n . -
Figure 2.6: Structure and location of astrocytes in murine

brain in varying ranges of population. cortical brain tissue -

Estimates put glia at ratios between (A) Fibrous Astrocyte stain_ed with I_DAPI (blue) and GFAP _
) (yellow). Image from Rodrigo Garcia, MIT. (B) protoplasmic

1:1 and 5:1 relative to neurons. astrocytes stained individually via patch perfusion. DAPI

Microglia, oligodendrocytes, and highlighting nuclei. (C) GFAP expressing protoplasmic
' ’ astrocytes (red) and NeuN expressing neurons (green) in the

astrocytes are the three primary cell mouse visual cortex. Image from Robel Lab, Virginia Tech
populations classified as glia. Microglia are responsible for carrying out immune functions in the brain,

often referred to as the brain's macrophages. These cells are constantly traversing the brain’s interstitial
space, responding to inflammatory signals and neutralizing foreign bodies. Oligodendrocytes are
responsible for forming myelin in the brain's white matter, critical for relaying action potentials at high

speeds over long distances.

Astrocytes are emerging as one of the most multifaceted cells in the central nervous system (113).
They tend to be significantly smaller than neurons, with numerous leaflet-like projections that extend from
the cell body. The bushy extensions from astrocytes reach to contact neuronal cell bodies, dendrites, axons,
and synapses, as well as local pericytes, blood vessels, and other astrocytes locally in the brain. Fibrous

astrocytes reside in white matter, or fiber tracts, of the brain and tend to take on a smaller, more
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differentiated dendritic morphology, as seen in Figure 2.6A. Reactive or gliotic astrocytes can present with
similar dendritic morphology and play an essential role in brain immune function. Protoplasmic astrocytes
that reside in the brain's grey matter tend to exhibit expansive “bushy” projections, depicted in Figure 2.6B.
The distal ends of protoplasmic astrocytes projections that contact synapses, vessels, and other cells are
called ‘endfeet’ and are critical for the functional capacities of astrocytes (114, 115). For the concern of this
dissertation, protoplasmic astrocytes are the subtype of astrocytes considered. Their spatial location

superficially in the neocortex is most relevant to previous INS work in vivo.

Astrocytes maintain hydrosaline and chemical homeostasis in the perisynaptic and perivascular
spaces of the brain (116). They maintain homeostasis by multiple mechanisms: potassium buffering (117),
volume regulation (118), and neurotransmitter uptake and release (119). During an action potential, neurons
expel potassium into the extracellular space. Accumulation of potassium in the local extracellular space
raises the neuron's resting membrane potential. If potassium concentrations go unregulated, it can lead to
sustained depolarization, tetanic neuronal response, and ultimately neuronal death (120). To counteract the
osmotic gradient, active potassium cotransporters and inward rectifying potassium channels (e.g., Kir4.1)
in astrocytes help to siphon K* from extracellular space. Removal of K* balances the local osmotic gradient
and stabilizes neuronal resting membrane potential. In astrocytes, this intake of potassium, actively or
passively, depolarizes the astrocyte. Depolarization propagates to other astrocytes via gap junctions (117)
and initiates neurovascular responses (111). The potassium uptake and diffusion by astrocyte networks is
a mechanism known as K* spatial buffering. Kir4.1 channels localize in astrocytic endfeet surrounding
synapses and blood vessels, owing to their functional significance in homeostasis. Neurovascular coupling,
or the increase in local blood perfusion in active brain areas, serves as the basis of detection for blood-
oxygen-level-dependent functional magnetic resonance imaging (BOLD fMRI), optical intrinsic signal

imaging (OIS), and functional near-infrared spectroscopy (fNIRS) (110).

Astrocytes regulate perisynaptic and perineuronal homeostasis during periods of elevated neuronal
activity. Osmolarity changes during periods of high neuronal activity can lead to potentially dangerous
levels of water diffusion and potassium accumulation. Astrocytes are also responsible for buffering the
local osmotic balance around neurons by adjusting their cell volume via AQP-4 mediated water flux (121).
AQP-4 colocalizes with Kird.1 in the endfeet of protoplasmic astrocytes. They appear to work
collaboratively in maintaining perisynaptic homeostasis. Interestingly, transient receptor protein vanilloid
family subtype 4, or TRPV4, channels have been implicated in osmoregulation (122). TRPV4 colocalizes
in astrocytic endfeet with AQP-4 (122). The activation of TRPV4 can give rise to a swelling-induced cation
influx, particularly Ca?* and K* (118, 122-124). Together, these channels help guide the homeostasis of

the synaptic and neuronal microenvironment.

21



Astrocytes envelop synapses to uptake potassium and recycle neurotransmitters to prune synaptic
transmission (125). More recently, mechanisms of gliotransmission are the subject of debate (126, 127).
Evidence suggests that astrocytes can release neuromodulatory molecules and directly influence neuronal
function. Whether gliotransmission impacts neuronal signaling under physiological conditions is still in
question. Experimentally, elevated Ca?* causes the release of neurotransmitters, such as glutamate, from
astrocytes — through mechanisms of which are not clear (127-129). Perturbing astrocyte calcium signaling
has yielded mixed outcomes on neuronal signaling (130, 131), though evidence points to endfoot-directed
perisynaptic mechanisms (114, 132). Vesicular-based gliotransmitter release may be possible (133), but
the lack of canonical synaptic scaffolding and fusion protein expression in astrocytes (134). Volume-
regulated anion channel (VRAC) and hemichannels-mediated passive release of modulatory molecules
have also been hypothesized (113, 127, 135, 136).

The way astrocytes mediate much of their cellular functions is through changes in intracellular
calcium concentration. Calcium is a tightly regulated ion in astrocytes and is involved in many aspects of
their physiology (137). Rapid increases in intracellular calcium levels in astrocytes in vivo can be coupled
with activation of neurotransmitter receptors expressed by astrocytes, mediating calcium-dependent
potassium release via BKca channels to mediate vascular dilation (116). Additionally, Ca?* can trigger the
release of intracellular calcium stores to activate secondary messenger pathways and osmotic responses
(116, 122, 127). Strong concerted calcium responses in astrocytes can mediate modulatory molecule release
(127, 129). The physiological relevance of such strong induced astrocyte calcium events is often questioned.

In the context of infrared neural stimulation, astrocytes appear to play a role in the evoked calcium
responses observed in vivo (138). Considering the cortical distribution of astrocytes, dominantly occupying
the superficial layers of the cortex and pial surface (Figure 2.6C), it seems reasonable that astrocytes would
take the primary portion of the thermal load during INS. Additionally, astrocytes are known to express
TRPV4 (123). In astrocytes, TRPV4 serves a functional role in volume regulation (122). It is also a
temperature-sensitive channel that is involved in sensory neuron sensitivity to INS (23). With the
postulated universal mechanisms of thermal cellular depolarization (33, 34), it is conceivable that pulsed
infrared light could modulate astrocytes directly through multiple potential mechanisms. If astrocytic
responses to INS can directly modulate neural activity, INS could be a valuable tool for studying astrocyte

physiology. These conjectures serve as the basis for the latter portion of this dissertation.

2.6 Impact
Understanding the mechanisms of INS on a biochemical and physiological level will enable its

optimization for clinical and research applications. Furthermore, understanding the mechanisms responsible

22



for INS lays the groundwork for developing innovative neuromodulation tools that are faster, more precise,
and impactful. Optimizing neuromodulation technologies towards clinical treatments could improve patient

outcomes by avoiding complications of existing technologies.

The potential for astrocytic modulation provides a unique research tool to study astrocyte
physiology and function. Astrocyte-mediated disease researchers need targeted tools to drive cellular
function in a spatially dependent way. Diseases such as epilepsy, encephalitis, acute morbidities related to
concussions, ischemia all have known astrocyte involvement. Approaching cases of debilitating depression
or post-traumatic stress may offer a paradigm-shifting approach in future psychiatric interventions. The
impact of astrocytes on human behavior and neuropathology is just now being realized (128, 139, 140).
Tools for direct control over astrocyte molecular dynamics are not as readily available as tools for neuronal
modulation. A label-free optical tool in the scientists’ toolbox can help the neuroscience and glial biology

communities better understand and improve human health.

2.7 Innovation

Only a handful of work to date has used nonlinear Raman imaging to observe fast biochemical
changes in neural model systems (95, 96). Even fewer have utilized nonlinear Raman imaging to observe
fast photothermal perturbations in biological model systems (105). Using nonlinear Raman imaging to
characterize and analyze chemical changes during fast photothermal events, such as INS, is unprecedented
in the current literature. Demonstration of nonlinear Raman imaging for studying the biochemical changes
during INS would provide some of the first direct measurements of lipid dynamics in neural models during
INS. No work before this dissertation sought to characterize the mechanistic nature of astrocyte sensitivity
to INS. Furthermore, detailed work on the molecular signaling processes elicited by different IR dosing
strategies has not been demonstrated until now. The ability to selectively modulate astrocytic activity in a
safe label-free format brings new potential in studying astrocyte physiology. In sum, this dissertation
addresses multiple gaps in knowledge by combining methods across multiple disciplines to answer

impactful questions in biomedicine.
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CHAPTER 3:

MULTI-MODAL NONLINEAR OPTICAL AND THERMAL IMAGING PLATFORM FOR LABEL-
FREE CHARACTERIZATION OF BIOLOGICAL TISSUE

Text adapted from:

Wilson R Adams, Brian Mehl, Eric Lieser, Manging Wang, Shane Patton, Graham A Throckmorton, J
Logan Jenkins, Jeremy B Ford, Rekha Gautam, Jeff Brooker, E. Duco Jansen, Anita Mahadevan-Jansen.
Multi-modal Nonlinear Optical and Thermal Imaging Platform for Label-Free Characterization of
Biological Tissue. Scientific Reports. Apr 2021. https://doi.org/10.1038/s41598-021-86774-2 Abstract

The ability to characterize the combined structural, functional, and thermal properties of
biophysically dynamic samples is needed to address critical questions related to tissue structure,
physiological dynamics, and disease progression. Towards this, we have developed an imaging platform
that enables multiple nonlinear imaging modalities to be combined with thermal imaging on a common
sample. Here we demonstrate label-free multimodal imaging of live cells, excised tissues, and live rodent
brain models. While potential applications of this technology are wide-ranging, we expect it to be especially
useful in addressing biomedical research questions aimed at the biomolecular and biophysical properties of
tissue and their physiology.

3.2 Introduction

With increased focus on high-speed biological processes at molecular, chemical, and biophysical
levels, there has come a critical need to develop tools that can keep pace with the number of active research
areas in biomedicine. Technical developments in nonlinear optical microscopy have revolutionized our
ability to study biophysical and biochemical properties of tissues, both in terms of the wide range of
samples, improved contrast modalities, and unprecedented speeds at which imaging is now possible.
However, combining direct spatial temperature measurements alongside multiphoton modes of contrast
have not been widely adopted. Multiphoton imaging approaches have enabled deep-tissue imaging across
numerous model systems, gleaning important insights on the structure and function of cells and tissues (1,
2) while thermal imaging can yield complementary information to relate to study metabolism, circulation,
and immune response. Temperature plays a crucial role in biology yet has yet to be extensively
demonstrated in any substantial capacity towards biological microscopy applications. Thus, instrumentation
to explore the structural, functional, and thermal properties of tissue would prove useful in studying

biophysical dynamics in tissue physiology.
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Multiphoton fluorescence (MPF) and second harmonic generation (SHG) are particularly useful in
highlighting tissue structure and function (3, 4). Calcium, voltage, and molecule-sensitive reporters
continue to push the boundaries of multiphoton applications in biomedical research. Vibrational
spectroscopic contrast using nonlinear Raman imaging (NRI), namely coherent anti-Stokes Raman
scattering (CARS) and stimulated Raman scattering (SRS), has shown particularly wide-ranging
applicability. These include rapid identification of tumor margins (5), high-dimensional structural labeling
(6), other biological processes such as drug delivery (7), neurotransmitter release (8), and
electrophysiological dynamics (9). Such imaging can highlight the molecular organization and biochemical
composition of tissue over time— offering a glimpse into sub- and inter-molecular dynamics without using
exogeneous labels. Multiplexing functional, biochemical, and biophysical (e.g. temperature) contrast in
cells and tissues can offer a unique tool in evaluating and imaging biological and physiological processes

that may not be possible with the same degree of exploratory power in separate instruments (1).

Nonlinear optical microscopy is inherently suitable for multimodal imaging applications.
Integrating the different modalities that fall under nonlinear microscopy can help alleviate unnecessary
system complexity while providing complementary information about tissue structure and function.
Notably, CARS, SRS, MPF, and SHG are all optical processes that can occur and be detected
simultaneously or sequentially by selecting the appropriate filters and detectors for the techniques used.
Several groups have demonstrated selective combinations of nonlinear imaging strategies to address a
range of biological questions, in vitro and in vivo (10), particularly sensing fast biological processes such
as neuronal action potentials and calcium activity with combined SRS and calcium-sensitive MPF  (9).
Integration of SRS with optical coherence tomography (OCT) has been shown to augment nonspecific
scattering-based contrast with vibrational specificity to image lipid distributions in excised human adipose
tissue (11). More recently, researchers have employed four or more nonlinear imaging modalities,
including CARS, MPF, SHG, and third harmonic generation for live tissue and intravital imaging towards
wound healing and cancer metastasis (12, 13). While most of these demonstrated approaches have been
applied towards observing biological processes over the span of multiple hours at the molecular and
biochemical levels, they are limited in their ability to observe snapshots of sub-second functional,

biochemical, and thermal processes.

The influence of temperature in physiological and biochemical processes — particularly surrounding
sample damage and physiological modulation - has recently become an area of prominence across
biomedical research disciplines (14-16). As optical imaging and perturbation technologies continue to
advance biomedical research, it becomes critical to consider thermodynamic effects particularly on live

specimens albeit practically difficult. A flexible imaging system that incorporates molecular, biochemical,
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and biophysical information from cells to tissues, in vitro to in vivo, would enable the study of rapid and

dynamic biophysical processes from multiple perspectives.

Measuring temperatures in biological samples at high resolutions spatially and temporally has
proven difficult and continues to be an active area of research. Groups have multiplexed blackbody thermal
imaging and fluorescence microscopy at cellular resolutions in vitro (17, 18), however water absorption
generally obscures the ability to visualize cell morphology with thermal imaging alone. Moreover, optical
components that suffice for use between 0.4 and 14 um wavelengths to encompass visible optical and
thermal infrared imaging are not readily available. Finite element heat transfer modeling and Monte Carlo
simulations of photon transport in scattering media is often regarded as the benchmark approach for
temperature estimation of dynamic photothermal processes in biological samples with high water
concentrations (19). Several indirect approaches have been demonstrated including temperature-dependent
changes in fluorophore emission, and probe beam deflection microscopy (16, 19, 20). While point-based
methods (utilizing thermocouples, customized miniature sensors, or intrinsic fluorescence of rare-earth
doped glass waveguides) are more direct, they sacrifice spatial information obtained with temperature
mapping (21). Previous work has utilized thermal imaging with laser speckle imaging to study cerebral
blood flow changes during different methods of anesthesia (22). However, despite the potential utility of
combining thermal imaging with multimodal nonlinear microscopy, such a combination has not been
previously reported. A system that can combine multimodal nonlinear microscopy with thermal imaging

would offer unprecedented flexibility to study biological processes in real time.

The goal of this project is to integrate multiple nonlinear imaging methods with thermal imaging
so that biophysical, biochemical, and molecular information from dynamic biological processes may be
imaged with micron level spatial resolution and millisecond level temporal resolution. Towards this effort,
we present an imaging platform that integrates single-band CARS, SRS, MPF, SHG, and wide field thermal
microscopy (ThM) for characterizing tissues at varying time scales. Applications of our imaging system
are demonstrated imaging both in vitro with neural cell cultures and tissue specimen as well as in vivo with
acute craniotomy rat preparations. Our platform offers a novel approach enabling imaging technigques with
otherwise incompatible optical paths (due to physical limitations of hardware) to be applied on a common
sample. We demonstrate that this platform provides a robust tool for researchers to probe the physiology of
dynamic biological systems, through the unique integration of vibrational spectroscopic, functional

fluorescence, and thermal contrast.

3.3 System Design
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The framework of the Multimodal Advanced Nonlinear and Thermal Imaging System, or
MANTIS, is a three-armed imaging turret (Customized Bergamo Il Platform, Thorlabs Imaging Research,
Sterling, VA, USA) that respectively images a sample with either nonlinear imaging, thermal imaging, or
widefield white light reflectance imaging which is reconfigurable to adapt additional measurement
approaches (Figure 3.1A). The mechanical arrangement of distinct imaging arms allows for modalities
with incompatible optical instrumentation (e.g. ultrafast near infrared imaging with endogenous shortwave
infrared measurements) to be performed sequentially without disturbing or repositioning the sample. A
FLIR SC8300-series high-speed indium-antimonide CCD camera equipped with a 4X germanium imaging
objective (FLIR Systems Inc., Nashua, NH, USA | Figure 3.1B) is attached to the thermal imaging arm of
the microscope. The thermal camera relies on the endogenous black/grey body emission of a sample

between 3-5 um wavelength under the assumption of homogenous emissivity to infer sample temperatures.

The nonlinear imaging section of MANTIS, depicted in Figure 3.1C with a simplified schematic,
is coupled to two nonlinear laser sources supplying femtosecond (Insight DS+, Spectra Physics, Fremont,
CA, USA) and picosecond (picoEmerald S, A.P.E, Berlin, DE) laser lines. Higher spectral bandwidth (~15
nm) femtosecond laser pulses provides high peak powers necessary for optimal multiphoton and higher
harmonic generation in vivo (1). The picosecond laser has narrower bandwidth (~0.5 nm, or 10 cm™*), which
is critical for maintaining the spectral resolution necessary for single-band nonlinear Raman imaging while
minimizing power at the sample for safe in vivo applications (<20 mW average power) (23). Both laser
systems operate with a pulse repetition rate of 80MHz and output two beams necessary for pump and Stokes
excitation of NRI contrast processes. The shorter wavelength tunable laser line undergoes a tunable path
length delay while the longer wavelength laser line is intensity-modulated at 20 MHz via an electro-optical
modulator (Thorlabs, Newton, NJ, USA) to facilitate SRS. Each laser’s output is spatially and temporally
co-linear and directed with a series of mirrors into the scan head of the nonlinear imaging arm of MANTIS.
The imaging optics of the nonlinear imaging arm are based on conventional upright laser-scanning
microscopy. The scanning optics consist of a pair of galvanometric mirrors (Thorlabs, Newton, NJ, USA),
which are imaged onto the back focal plane of a commercial objective lens (Olympus XLUMPLFLN, 20X
1.0NA | Nikon CFI Apochromat NIR 60X, 1.0NA) via a 4f optical relay. This scan relay performs a fixed
4X magnification of the laser beam diameter to accommodate the back-aperture pupil size of the largest
objective lenses we use relative to the entrance beam diameter (SL50-2P2 & TL200-2P2, Thorlabs, Newton,
NJ, USA). Two epi-detection ports with a photomultiplier tube (CARS/MPF/SHG | GaAsP Amplified
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Figure 3.1: MANTIS System Design

A) The layout of MANTIS. The system is capable of performing multimodal nonlinear and thermal
imaging over the same sample. Additionally, white light imaging on a third imaging arm is available for
further expansion of the system. B) Schematic of wide-field thermal microscopy, which infers the
temperature of a sample based on the blackbody emission observed between wavelengths of 3 and 5pm.
C) General optical schematic of a multimodal nonlinear imaging system capable of integrating CARS,
SRS, MPF and SHG imaging. DM — dichroic mirror, BP — bandpass filter, PMT — photomultiplier tube,
EOM - electro-optical modulator, InSb CCD — indium antimonide charge coupled device.

PMT, Thorlabs, USA) and a large area 50-V reverse-biased photodiode (SRS | A.P.E. GmbH, Berlin, DE)
are used for imaging epi-detected contrast. Two additional detachable forward detection ports were also
built to accommodate coherent imaging modalities in transparent samples in transmission mode. All
reported SRS images are acquired in transmission mode with the exception of in vivo imaging data.
Stimulated Raman loss for SRS was demodulated via a commercial lock-in-amplifier (A.P.E. Gmbh, Berlin,
DE). All emission filters and excitation wavelengths included with the system are in Table 3.1 (Semrock,

Brattleboro, VT, USA). Scanning and detection hardware for imaging is controlled through ThorimageLS
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version 2.1, 3.0, or 3.2 (Thorlabs Imaging Research, Sterling, VA, USA). All images shown are raw with

linear intensity rescaling, with all analysis being performed in FIJI (24).

The third imaging arm of
MANTIS initially features a color
complementary metal oxide
semiconductor (CMOS) camera
(Thorlabs Inc., Newton, NJ, USA) with
a variable focal length lens (Navitar Inc.,
Rochester, NY, USA) for widefield
white-light reflectance imaging of
samples (Figure 3.1A). However, this
arm was built into the imaging system to
readily enable integration of additional
contrast modalities that may be further
incompatible with multimodal nonlinear

microscopy — such as interferometric

Table 3.1: Summary of emission filters and excitation
wavelengths used for multimodal imaging.
All filters obtained from Semrock (Brattleboro, VT, USA).
Filter
Contrast (Center/Passband

Excitation
Wavelengths

FWHM)

792-803nm &
CH-band CARS 625nm/90nm 1040nm
792-803nm &
SRS 890nm/310nm 1040nm
NADH/Blue
Fluorescence 460nm/30nm 780nm
FAD/Green 525nm/30nm 934nm
Fluorescence
SHG 460nm/30nm 900nm
Propidium
lodide / Orange 625nm/90nm 1040nm
Fluorescence

contrast or stereoscopic surgical guidance. Each arm is locked into position by a custom-designed spring-

loaded locking system against the rotating turret base (Figure 3.1A). The maximum fields of view of each

imaging arm is ~800 um-x-800 pum for nonlinear microscopy with a 20X objective, 3mm-x-4mm for

thermal microscopy with a 4X objective, and 50 mm-x-50 mm for widefield white light reflectance imaging.

3.4 System Performance

To achieve high-speed imaging at subcellular resolution, MANTIS was designed to resolve at least

1 pm lateral resolution in the nonlinear imaging arm. Performance was verified on a series of standards,

(Figure 3.2A), with measured axial and

Table 3.2: Summary of measured system

lateral resolutions for each modality resolutions across multiple imaging modalities.

summarized in (with full data summary in).
Images of 0.5 um diameter polystyrene (PS,
latex, Polysciences Inc. Warrington, PA,

beads with ; CARS 0.632 3.009
USA) beads with CARS and SRS were SRS 0.833 3136
obtained to generate a point spread function MPE 0.359 1.502
(PSF), which is reported here as the full-width SHG 0.388 X
half-maximum intensity cross-section of Thermal 6.9 X
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Figure 3.2: MANTIS System Performance

A) Resolution of CARS (Green), SRS (Red) with a 1 um polystyrene bead, and Multiphoton
Fluorescence (Magenta) with a 500 -nm yellow-fluorescent polystyrene bead. Measured resolutions
summarized in . B) Preparation of mixed beads containing 2 um polystyrene beads (blue, 2927 cm™)
with 1-10 um PMMA beads (yellow, 3053 cm™). Peaks specific to each bead type C) CARS (Green) and
SRS (Red) of signal-to-noise profile measured at a vegetable oil — air meniscus at 2927 cm™. E) Thermal

Imaging of a 1951 U.S. Air Force Target..
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Inc. Warrington, PA,
USA) were used to

-

97.6x97.6 microns (320x320); 16-bit; 200K

measure the PSF of

MPF. All PSF
. [J' Results = (] X
calculations were
File Edit Font Results
performed using the Mean StdDev A

7930.089838 303.160664

MetroloJ plugln in FUI 3455.331048 129.343023 _|

(25). Measured

resolutions, reported in ,

are on par with results

published in literature

when imaging  with

. Figure 3.3: Signal to Noise calculation with a Vegetable Oil meniscus in
numerical apertures g3

approaching 1.0 (3, 23, SNRwas calculated to be 34.6.

26). Spectral separation of polymethyl-methacrylate (PMMA, acrylic, Polysciences Inc. Warrington, PA,
USA)) and PS beads with single-band SRS are shown in Figure 3.2B. Acrylic (PMMA\) beads are depicted
using the 2927 cm™ band — an asymmetric CHs resonance- (yellow), and latex (PS) beads are depicted
spectrally separate with the 3053 cm™ band— an asymmetric CH, resonance- in blue. The signal-to-noise
ratio (SNR), measured at the edge of a vegetable oil meniscus at the 2927 cm™ band with SRS (Figure
3.2C, Figure 3.3), was calculated to be 34.6 (27).

Resolution standards to verify SHG imaging resolution are not commercially available. In place of

a controlled standard, a collagen-rich biological sample (a porcine mitral valve) was imaged at a high spatial
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Figure 3.4: Sample Lateral Resolution Characterization for SHG imaging in a porcine mitral valve

sample.
Gaussian fitting performed in FIJI.
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sampling density (250 nm/px) and the finest resolvable fibrillar structures were measured as a proxy for
lateral resolution. Sample images of mitral valve collagen are shown in Figure 3.2D and Figure 3.8.
Example calculations of fibril diameter are show in Figure 3.4. Fibrillar collagen bundles and quaternary
structure are clearly visualized. While fibrillar structures vary substantially in diameter (3), the resolving
power of SHG on MANTIS () is well within our targeted resolution goals being able to resolve sub-micron

spatial features.

The FLIR thermal camera resolution was estimated by identifying the smallest resolvable group on
a 1951 United States Air Force resolution target (Figure 3.2E). Resolving group 6, element 4 equates to a
lateral resolution of 6.9 um. The depth of focus of the thermal camera is about 40 um, based on an /4.0
aperture stop of the objective lens in the thermal camera. Since the depth of focus of the thermal camera is
substantially larger than the depth of focus of the nonlinear imaging system, registration of the focal planes
axially was not an issue. The factory measured temperature resolution is specified to be 0.1°C. The
nonlinear and thermal microscopy field view were independently adjusted to centrally registered the corner
of a 10 um grid target. Switching between thermal and nonlinear microscopy fields of view was found to
repeatable within 1 pum radial to imaging turret rotation and 10 um tangent to imaging turret rotation

(Figure 3.1A, yellow arrows).
Widefield Camera FOV Since field of view of the

50mm x 50mm .
thermal camera is nearly four

times that of the nonlinear
microscopy field of view -

making the coincidence of each
Thermal Camera FOV

modality’s field of view with
3mm x 4mm

each other straight-forward

(Figure 3.5). Once aligned, the

fields of view were observed to

remain well registered for more

Nonlinear Imaging FOV than a week following initial
800um x 800um alignment. It takes about 90-180
seconds to switch between

nonlinear and thermal imaging

arms over the same sample. The

Figure 3.5: MANTIS Fields of View sub-millimeter repeatability of
To-scale representation of the overlap of multimodal imaging fields

. L positioning multiple imaging
of view for the 3 imaging arms of MANTIS.
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arms readily enables multiplexing of thermal and nonlinear microscopy on the same field of view without

needing to reposition the sample.

3.5 Invitro Imaging

Figure 3.7: in vitro imaging capabilities of MANTIS

NG108 cells observed with CARS (A) at 2830cm™, a protein-dominant peak, NADH autofluorescence
(B), FAD autofluorescence (C), and as a composite overlay of the three channels (D). Images were
acquired separately and coregistered together with a rigid transformation.

To verify the capability of MANTIS to perform in vitro imaging, cultured NG108 cells — a spiking
neuron-astrocytoma
hybridoma cell line - were
imaged with CARS and MPF,
as seen in Figure 3.7D.
Briefly, cells were plated on
poly-D-lysine coated cover
glass for 48hr prior to imaging
and maintained in Dulbecco’s
Modified Eagle Medium
(DMEM) supplemented with
10%v/v fetal bovine serum and
5mM L-glutamine. 12-hours
prior to imaging, medium was
replaced with DMEM
containing 3%v/v FBS to

morphologically differentiate

adherent  cells. Performing  Figure 3.6: Thermal images of cultured 3T3 Fibroblasts.

CARS imaging at 2830 cm® A) Cells imaged without any aqueous medium. B) Image of aqueous
medium front advancing over cells. The absorption of water in the

resonance highlights a lipid-  short-wave infrared is high, making cell culture medium difficult to

dominant CH, symmetric image through with blackbody thermal contrast.

40



stretch mode, which relates to cellular projections and lipid-rich intracellular contents such as organelles,
lipid droplets, and vesicles (Figure 3.7A). Autofluorescence from NADH and FAD can be used to
extrapolate metabolic information relating to relative aerobic metabolism dynamics and metabolic cofactor
distribution throughout the cell, Together, combined CARS and MPF demonstrate the structural and
functional capacities of multimodal nonlinear imaging in vitro (Figure 3.7B&C). Blackbody thermal
imaging of cells in media in an upright configuration was not feasible due to the strong absorption of water
in the wavelength range measured by the thermal camera (3 to 5-um). Imaging with cellular resolution with
thermal microscopy is possible in an upright configuration (Figure 3.6A), with the ability to resolve cellular
temperature distribution. However, once medium is introduced to the imaging field of view (Figure 3.6B),
cellular morphology is occluded due to strong water absorption of the sensed wavelength range. This has
been addressed by others by utilizing inverted imaging configurations (17, 28, 29) , however resolvable
cellular morphology were not demonstrated. Imaging of cells through glass coverslips is possible, however

strong water absorption still occluded cellular morphology.

Combined SHG and MPF was demonstrated on fresh ex vivo porcine mitral valve samples (Figure
3.8). Tissue samples were harvested from porcine cardiac tissue postmortem and stored in phosphate
buffered saline for 72hrs prior to imaging. Samples were mounted on a standard microscopy slide and
imaged through leveled and supported cover glass in contact with the tissue surface. Simultaneous
autofluorescence and SHG under 930 nm illumination with the femtosecond laser source yielded high
resolution microstructure of endogenous elastin and collagen, free of exogenous labeling (30). Changes in

Figure 3.8: Porcine Mitral Valve Imaging
Endogenous autofluorescence from elastin (left) and collagen SHG (right). Image width is 520-pum.
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collagen and elastin can
dangerously disrupt the
structure and function of heart
valves (31). Having methods to
study new interventions to
improve heart valve function
could be valuable to cardiac
biomechanics researchers.
Combining SHG with SRS at
2880 cm to broadly highlight
lipids allows  for  the
visualization of tissue
architecture in unfixed frozen
sections of murine cervix

(Figure 3.9). Distinct chemical

o

and structural differences are . - — SRS 2880cm

notable between the epithelium  Figure 3.9: Murine Cervix Section Imaging
] Simultaneous SHG (cyan) and SRS (2880-cm-1, lipid
and stroma of the cervix. The  gominant resonance, orange) imaging of an unstained murine cervix
stroma is dense with collagen  unfixed frozen section. The stroma (dense in collagen) and epithelium
] are easily discernable based on relative concentrations on ratio of
and low in cellular content,  gHG and SRS signals. Blood vessels lamina propria are also visible

while the epithelium is rich in ~ with SHG contrast.

lipids and proteins due to cellularization. The lamina propria of blood vessels are also discernable with
SHG, appearing as fine tubular structures with strong SHG signal, providing an indication of tissue
vascularization. Visualizing the changes in vasculature, cellular, extracellular matrix protein distribution
throughout cervix shows potential for studying parturition processes and cancer progression in the cervix

without the need for exogenous labelling.

Figure 3.10, Figure 3.11, and Figure 3.12 demonstrate multimodal nonlinear imaging
with CARS, SRS, SHG, and MPF in an ex vivo rat sciatic nerve preparation. Nerves were harvested from
Sprague-Dawley rats and imaged immediately postmortem. Contrast from CARS and SRS primarily
highlights myelin (Figure B&C). The CARS and SRS images correspond well with the MPF images of
FluoroMyelin green (ThermoFisher Inc | Figure 3.11E, Figure 3.12C&D) but are less prone to
heterogeneous dye uptake. While myelin plays a major functional role in nerve signal conduction, collagen

is a major structural component of the sciatic nerve that provides a protective exterior sheath and additional
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Figure 3.10: Ex vivo rat sciatic nerve samples imaged with high-speed multimodal nonlinear
and thermal microscopy

A) Combined image of B-E. Images and corresponding high-speed line scans through the centers of
the fields of view with B) CARS at 2880-cm™. C) SRS at 2880cm™, D) FluoroMyelin Green, E) SHG.
Red lines on graphs indicate the exposure of the tissue to 1875nm light from an optical fiber. Light
exposure causes a local temperature increase over 1 second (thermal images, F& G) yielding a
corresponding decrease in nonlinear signals.

mechanical stability within the nerve. Collagen contrast from SHG can be used to visualize the epineurium
and fascicle-residing collagen (Figure 3.13). These four modalities together therefore offer key structural
insight to the sciatic nerve and can be used to study nerve injury, regeneration, and disease. Furthermore,
the ability to flexibly apply these techniques to different sample types, between live cells and excised tissue
specimen, highlights a key design goal of the imaging platform.

The key advancement allowed by the MANTIS platform is the ability to multiplex optically
incompatible imaging techniques such as thermal imaging with nonlinear optical microscopy. Thermal
imaging can be used to evaluate fast photothermal processes (Figure 3.10F&G), such as infrared neural
stimulation (INS) (32, 33), with coregistered contrast from nonlinear imaging modalities to study real time
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Figure 3.11: Rat Sciatic Nerve Imaging
Composite multimode image of an ex vivo rat sciatic nerve.(A) CARS signal at 2927cm-1 (B, green),
SRS signal at 2927cm-1 (C, red), SHG signal (D, cyan), and multiphoton fluorescence of
FluoroMyelin Green (E, Grey). All scale bars are 100um.

biophysical dynamics (Figure 3.10A&F). To assess the multimodal capabilities of MANTIS, readout of
multimodal nonlinear contrast was directly correlated with high-speed temperature changes during infrared
neural stimulation in a fresh ex vivo sciatic nerve preparation (Figure 3.10). Point-scanned line repeats
through the center of the images fields of view were employed to obtain high speed (488 Hz) nonlinear
signals during IR stimulation. Average intensities across the entire acquired line scan at each timepoint are
reported for each modality. Reported temperature data is a the average temperature of the entire FOV
denoted in Figure 3.10G acquired at 180 Hz. Intriguingly, our results show a notable decrease in nonlinear
signals from CARS (Figure 3.10B), SRS (Figure 3.10C), and MPF (Figure 3.10D) that tracks closely with
temperature increases (Figure 3.10G) over the period of one second. Notably, SHG signals (Figure 3.10E)
did not exhibit a discernable decrease in signal, which is attributable to the lack of collagen present through
where line scans were acquired (center of the field of view, Figure 3.10). However, decreases in SHG
signal during IR stimulation have been verified in other FOVs, suggesting this signal decrease is a more
general physical phenomenon. Decreases in nonlinear signal were found to be caused by a defocusing
artifact induced by the spatial thermal gradient inherent to infrared neural stimulation in the microscope’s
field of view. Resolving photothermal effects of IR heating in biological tissues at high speed, such as

during INS, will provide invaluable information in studying in vivo applications of INS.

3.6 In vivo Imaging
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SHG (cyan) | Multiphoton Fluorescence
of FluoroMyelin Green (grey)
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CARS at 2927-cm? (green) | Multiphoton SRS at 2927-cm (red) | Multiphoton
Fluorescence of FluoroMyelin Green (grey) Fluorescence of FluoroMyelin Green (grey)
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Figure 3.12: Rat Sciatic Nerve Multimode Composites
Ex vivo rat sciatic nerve samples imaged with multimodal nonlinear imaging from Figure 3.11.
Two different modalities can be combined in different ways to visualize tissue structure.

All protocols using live animals were performed in accordance with and are approved by Vanderbilt
University Institute for Animal Care and Use Committee (VU-IACUC, Protocol M1600084). All protocols
using live animals were performed in accordance with ARRIVE guidelines for animal use. An acute
craniotomy preparation in an anesthetized rat model was utilized to validate the in vivo capabilities of

MANTIS. Sprague-Dawley rats were anesthetized with intraperitoneal injections of ketamine (40-80
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Figure 3.13: Sciatic Nerve Collagen

Ex vivo rat sciatic nerve samples imaged with SRS (red, myelin at 2927c¢cm-1) and SHG (cyan,
collagen). Rescaled SHG images are shown to highlight intrafasicular collagen, which is in lower
abundance and overall signal then epineurial collagen.

mg/kg) and xylazine (10 mg/kg) for 40 minutes prior to surgery. Anesthetic depth was monitored every 10
minutes and maintained with follow-up half-dose anesthetic injections every 90-120 minutes as needed.
Animals were mounted in a stereotaxic frame under the microscope objective while a 2 mm-x-2 mm section
of skull and dura mater overlying the somatosensory cortex was carefully removed. Tissue hydration was
maintained with sterile saline throughout imaging. Animals were sacrificed by anesthetic overdose and
cervical dislocation following experiments. During imaging experiments, pixel dwell times needed to be
increased to 8 ps to account for signal loss in moving the SRS detection path into an epi-detection
configuration. Epi-SRS detection was implemented by replacing the dichroic mirror immediately preceding
to the objective in the incident light path with a polarizing beam splitter cube and quarter wave plate (23).
Images were initially acquired at a high spatial sampling density (0.5 pm/px, 800x800 px) with a 0.2 Hz
framerate. However, by reducing the spatial sampling density and overall image sizes (3 pum/px, 256x256

px) over a comparable field of view, we were able to achieve 2 Hz framerates. Subsequently, repeated
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34.920°C
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Figure 3.14: Multimodal images from a rat brain in vivo.

A) Composite image of B (SRS, 2930cm™) and C (CARS, 2850cm™) highlighting lipid and protein-
dominated signals, respectively. D) Composite image of the same field of view in A of E (Green
autofluorescence), F (SHG signal), and G (Blue autofluorescence, likely NADH). (H) Thermal images
of the brain surface, temperatures shown in °C.
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dynamics. This flexibility emphasizes the trade-offs between spatial and temporal sampling in nonlinear
microscopy approaches in vivo. Acquiring images using CARS, MPF, or SHG needed to be performed
sequentially, due to the availability of only one PMT detector at the time of experiments. However, any one
of the three PMT-requiring modalities can be multiplexed with SRS contrast, since SRS uses a separate
detector in an adjacent detection path. Excitation and detection wavelengths are summarized in Table Al.

Examples of in vivo images can be seen in Figure 3.14. A protein-dominant SRS resonance at 2930
cm? (Figure 3.14B) and a lipid-rich CARS resonance at 2850 cm™ (Figure 3.14C) and appears to highlight
superficial cellular features as well as vascular perfusion within blood vessels. Autofluorescence contrast
from blue and green detection channels are most commonly used to measure endogenous NADH (Figure
3.14D&G, Table Al) and FAD (Figure 3.14D&E, Table Al). This diffuse NADH signal is likely arising
from the neuropil at the pial surface of the cortex, while FAD tends to present more sparsely superficially
in the outer cortex in vivo; this weak fluorescence is often spectrally indistinct from other biological
autofluorescence (34, 35). Contrast from SHG (Figure 3.14F) revealed unknown morphologies, which
may be due to cytoskeletal structures across the pial surface, but is more likely to be residual collagen from
the dura mater after surgical preparation. Thermal imaging (Figure 3.14H) of the brain surface appears to
reveal mostly topographical contrast - vasculature is clearly visible. The lack of optical penetration depth
of measured wavelengths of the thermal camera are likely responsible for the brain surface topographical
contrast. Temperature fluctuations across the surface of the brain appear to be minimal, even with breathing,
heart rate, and motion artifacts. Larger vessels appear slightly warmer than smaller vessels. Focusing
artifacts appeared to have some effect on the accurate approximation of the brain surface temperature within
1°C — particularly noticeable at the edges of the field of view, which likely arise from out of focus signal
from underlying bulk tissue due to the high degree of surface curvature in the sample (Figure 3.14H).
Cellular morphologies were not apparent in thermal images of the brain surface. Thermal imaging of the
brain surface was capable of acquisition speeds approaching 180 Hz framerates with a full field of view.
This imaging rate can be substantially increased to 500 Hz or more by cropping the image sensor readout
without loss in spatial resolution or pixel binning without reduction in field of view. The vessel
morphologies visible between thermal and CARS/SRS contrast made fine registration of thermal and

nonlinear imaging fields straightforward with rigid registration of manually labelled image features.

3.7 Fast Multimodal Nonlinear and Thermal Microscopy of Photothermal Cell Damage

Infrared neural stimulation utilizes pulsed short-wave infrared laser light to transiently invoke a
thermal gradient in neural tissue resulting in activation of neural cells. One of the major concerns about

neuromodulation with rapid targeted thermal gradients is that the change in temperature could cause cell or
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Figure 3.15: Fast Multimodal Nonlinear and Thermal Microscopy of NG108 cells during in
infrared neural stimulation

Examples of an A) SRS average intensity projection image of cells with indicated centroids and (B)
pooled average SRS timeseries of live (magenta) and damaged (green) cells during IR stimulation
across all observed cells. (C) Example of a normalized sum intensity projection of cell viability image
timeseries used to indicate cell viability via uptake and fluorescence of propidium iodide. (D)
Average pooled MPF timeseries of all observed live and damaged cells during INS. Increases in MPF
signal after INS above 3% dF/F over 30 seconds were considered damaged/dead. (E) Thermal images
of NG108 sample preparation during peak temperatures of INS. Registration of thermal and nonlinear
fields of view (E, inset) allows for precise spatial temperature mapping. Cellular details are not
observable due to strong absorption by the aqueous imaging medium. Coupled with high-speed
thermal imaging, (F) high resolution temporal and spatial thermal observations can be directly
correlated with functional cellular outcomes such as cell viability. Data shows results of 10 different
experiments including 3 different INS intensity conditions, n = 1144 cells.

tissue damage. Generally, damage from IR exposure is verified with histology, immunohistochemistry, or
staining with cell damage indicators well after exposure, introducing notable lag times to results. Cells are
naturally prone to damage at elevated temperatures; however, the role of temperature-time history is often
underappreciated in the context of biological thermodynamics. Integrating fast nonlinear and thermal
microscopy offers a particularly useful platform for studying the physical and functional impacts of INS on

neural cell in the context of cell activation or damage in real time.

The ability to correlate high resolution temporal and spatial thermal information (Figure 3.15E&F)

with the functional information afforded by nonlinear imaging (Figure 3.15A-D), available in the MANTIS
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platform offers a unique opportunity to visualize biochemical, biophysical, and biomolecular dynamics of
cultured NG108 cells during INS. An 8 ms pulse of 1875 nm infrared light was delivered to the cells via a
400 pum diameter optical fiber at average radiant exposures spanning 0.5 (stimulating) and 3 J/cm?
(damaging) while imaging at 10 Hz framerates. Multiphoton fluorescence of cells imaged in saline
containing a damage indicator, propidium iodide (PI, 1uM concentration, Fig. 6C, Table A1), differentiated
healthy and damaged cells due to IR exposure. Increases in relative fluorescence greater than 3% were
presumed to be indicative of cell damage. Simultaneously, SRS imaging at a CH3 resonance (2930 cm™,
lipid/protein) provides endogenous biochemical information of cells during INS. In this study, SRS images
were primarily used to segment cell morphologies to extract viability status (MPF) and interpolate
thermodynamics (thermal imaging). Since the stimulating IR light (1875nm) is strongly absorbed by water,
the immersion medium required for nonlinear imaging had a substantial impact on the heating of cells,
leading to potentially large discrepancies in thermal imaging measurements. To minimize optical absorption
of 1875nm stimulation light by the aqueous immersion medium necessary for the nonlinear microscopy
objective (Olympus XLUMPLNFL 20X, 1.0NA), spectroscopic-grade deuterated water (Sigma Aldrich,
St. Louis, MO, USA) was used as an immersion medium (33). Cells remained immersed in normal imaging
media and were separated from heavy water by the coverslip on which the cells were mounted. The
reduction in IR absorption in the objective lens immersion media was enough to allow for representative
spatial thermal measurements of INS on aqueous cellular samples with the thermal camera. Functional
observations of cell death aligned well with peak spatial temperature maps (Figure 3.15E, inset). It is
expected that absolute temperature measurements at the sample are likely to differ with and without the
presence of deuterated immersion medium during INS, however the spatial and temporal dynamics of IR-
induced cellular thermal gradients are expected to remain consistent and comparable across all exposure
conditions. With this assumption, physiological comparisons can be effectively drawn with the
understanding that the observed absolute temperatures are likely slightly higher than during nonlinear image

experiments where immersion medium may impact INS.

Thermal images during INS were acquired at 34 Hz framerates after all nonlinear imaging and
stimulation experiments were completed. Temperature information is not simultaneously available with
nonlinear observations due to physical limitations. Since the thermal properties of cells mounted in imaging
saline behave thermodynamically like water upon INS, cell position data was registered to thermal imaging
videos acquired after IR stimulation experiments while holding the stimulation geometry constant. Based
on alignment against a fluorescent target performed immediately before cell imaging experiments, the
translation matrix needed to register nonlinear spatial coordinate to thermal spatial coordinates was applied

to cell centroid positions and used to obtain spatial thermodynamic information for each cell. Registration
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was performed with an iterative closest point algorithm implemented in MATLAB to register manually
selected features of a fluorescent target (Chroma, Rochester, NY, USA) observable in both nonlinear and
thermal imaging modes. Cell centroids were calculated from cell morphologies identified with SRS (Figure
3.15A) in Fiji utilizing a seeded watershed segmentation algorithm (24, 36). Cell positions coordinates in
the thermal camera field of view were used to interpolate temperature-time and temperature-space thermal

data on a per-cell basis using built-in 2D interpolation functions in MATLAB.

Since the stimulating IR light (1875 nm) is strongly absorbed by water, the immersion medium
required for nonlinear imaging had a substantial impact on the heating of cells, leading to potentially large
discrepancies in thermal imaging measurements. To minimize optical absorption of 1875 nm stimulation
light by the agueous immersion medium necessary for the nonlinear microscopy objective (Olympus
XLUMPLNFL 20X, 1.0NA), spectroscopic-grade deuterated water (Sigma Aldrich, St. Louis, MO, USA)
was used as an immersion medium (33). Cells remained immersed in normal imaging media and were
separated from heavy water by the coverslip on which the cells were mounted. The reduction in IR
absorption in the objective lens immersion media was enough to allow for representative spatial thermal
measurements of INS on aqueous cellular samples with the thermal camera. Functional observations of cell
death aligned well with peak spatial temperature maps (Figure 3.15E, inset). It is expected that absolute
temperature measurements at the sample are likely to differ with and without the presence of deuterated
immersion medium during INS, however the spatial and temporal dynamics of IR-induced cellular thermal
gradients are expected to remain consistent and comparable across all exposure conditions. With this
assumption, physiological comparisons can be effectively drawn with the understanding that the observed
absolute temperatures are likely slightly higher than during nonlinear image experiments where immersion

medium may impact INS.

Spatially registered observations of cell functional, chemical, and temperature dynamics is only
made possible by a combined and accurately coregistered nonlinear and thermal imaging platform such as
the MANTIS platform. From these multimodal imaging experiments, we observed that cells that experience
more rapid changes in temperatures as a function of time were more likely to be damaged (Figure
3.15E&F). Damaged cells are more likely to be located near low spatial thermal gradient values, which
correspond to local maxima in spatial heating profiles (Fig. 6E, inset). However, cells outside the fiber
illumination would be expected to present similar spatial thermal gradients as cells at peak levels of heating
- introducing some heterogeneity in the spatial thermal gradient information. Considering spatial and
temporal thermal gradient information together clarifies the thermodynamic difference between heated and
unheated cells. Numerous cells appear to survive rapid temperature changes while others do not, however

damaged cells are far more likely to undergo rapid heating. This observation demonstrates the variability
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in cell physiological responses due to INS. Distinct increases in mean multiphoton fluorescence timeseries
indicate cell damage within 30 seconds of IR exposure. Cell damage appears to coincide with stable mean
SRS CHs; amplitude following IR stimulation, while live cells present a decrease in 2930 cm™ SRS
amplitude. The basis for SRS signal increase is currently unclear, though we speculate attribution to a
balance between cell swelling and morphological changes triggered by cell damage. Currently, there
remains to be extensive validation of changes in endogenous SRS signal in the context of live cell imaging
and damage beyond lipid storage and cell membrane dynamics. Experimentally, SRS images were primarily
used in Figure 3.15 to identify, segment, and locate cells for temperature and viability data calculations.
However, this platform readily enables such explorations into the molecular basis of SRS signal changes

simultaneously with commonly used live cell fluorescence imaging probes.

3.8 Discussion

We demonstrate the first imaging system that combines CARS, SRS, MPF, SHG, and thermal
imaging into a single microscope for biomedical imaging applications. The similarities in illumination and
detection instrumentation needed for nonlinear excitation has been exploited in the past to design
multimodal imaging platforms. But as demonstrated here, our novel system design includes a movable
turret that allows for overlaying these different modalities to achieve a more complete picture of biological
processes to be imaged. This logically suggests that another imaging modality that typically could not be
integrated into a nonlinear optical microscopy path may be similarly incorporated. Such flexibility of optical

microscopy design provides the opportunity to study physiology in unique and dynamic ways.

The proposed imaging system, MANTIS, was built with modularity and expandability in
mind. On the nonlinear imaging arm, the current configuration has four optional detection ports - two each
in the epi- and forward detection configurations. Additional channels can easily be added to expand
simultaneous imaging capabilities based on research needs. Lock-in detection arms can be refitted with the
appropriate optical filters for transient absorption imaging. Sum-frequency generation imaging can also be
readily integrated for studying ordered molecular orientation and interfacial phenomena in biological
samples. The widefield reflectance imaging arm may be useful for integrating laser speckle, diffuse
reflectance, optical coherence tomography and microscopy, or spatial frequency domain imaging with the
correct illumination optics to map tissue blood flow, oxygenation, and optical properties. Furthermore, the
widefield reflectance and thermal imaging arms were built on detachable 96-mm optical rails so that other
imaging methods may be integrated based on future research needs. The multi-armed imaging concept can
also yield more utility out of a condensed instrument footprint, which may be useful in places where

laboratory floorspace is limited.
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The scanning optics used in nonlinear imaging arm can achieve 1 kHz scan rates. A galvo-scanning
pair was chosen over a faster galvo-resonant scanning pair, which typically offer an order of magnitude
increase in scanning rates. By doing so, improved control over image sampling densities can be achieved
to readily span subcellular and multicellular scales. This is exemplified by the difference in sampling
density observed between Figure 3.7 and Figure 3.14. As demonstrated in Figure 3.10, our imaging system
can perform nonlinear imaging with line scans approaching 0.5 kHz with detectable amounts of signal. This
is enough to resolve high-speed biophysical dynamics, such as during neural modulation or optogenetic
stimulation, from a functional, chemical, and physical standpoint. Kilohertz bandwidth scanning rates are
sufficient to achieve visualization of neuronal action potentials as demonstrated by Lee et al. with balanced

detection SRS and calcium fluorescence microscopy (9).

Both femtosecond and picosecond lasers were included in the design of MANTIS for signal
and spectral resolution considerations. The bandwidth of the picosecond laser source (around 0.5 nm)
allows for higher spectral resolutions (around 10 cm™) which is critical for nonlinear Raman imaging (37).
However, the peak powers of the picosecond source are orders of magnitude lower than that of the
femtosecond laser, yielding less signal during multiphoton fluorescence and higher harmonic imaging. At
the time of construction, the use of broadband nonlinear Raman techniques, such as pulse shaping and
spectral focusing had yet to be realized for fast imaging in vivo (38). As such, design considerations to
optimize narrow band spectral resolution and in vivo imaging speed were a priority. A number of broadband
spectral NRI techniques have since been described (39, 40), with a handful demonstrated in vivo (10). The
flexibility of the existing instrumentation on MANTIS readily allows for the integration such broadband

approaches.

Using blackbody thermal microscopy to characterize sample temperatures in conjunction
with nonlinear imaging, or any laser-scanning microscopy approach, has yet to be previously published.
Estimating temperature with a thermal camera provides a more direct measurement than other approaches,
such as fluorescence-based methods. The ability to measure thermal information alongside the functional
and structural information offered by nonlinear microscopy provides a unique instrument to explore new
guestions in biophysics, particularly ex vivo and in vivo. Practically, thermal microscopy presents some
advantages and drawbacks depending on the model systems being imaged. We have found that high
resolution fluorescence microscopy can be difficult to interpret in highly thermally dynamic systems with
high numerical apertures at high imaging speeds, which became apparent in applying infrared neural
stimulation in sciatic nerve (Figure 3.10) as well as in cells. Having thermal information to contrast and
systematically compensate for thermally induced effects is something that our imaging platform lends itself

to accomplish. Since imaging depth with thermal microscopy is limited due to the optical penetration depth
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of water in the 3-5 pm wavelength spectral regime, this means that SWIR based imaging methods are
ideally suited for measuring surface temperatures in water-dominant samples such as biological tissues.
This is even more apparent in vitro, where imaging through any amount of aqueous medium occludes
cellular morphology (Figure 3.6). While others have demonstrated blackbody thermal imaging of cells via
inverted microscopy through cover glass (17, 18), visualizing cell morphology with thermal imaging has
not been previously demonstrated - our observations support the previous work. Thermal microscopy on
MANTIS can be performed readily and reliably on tissues ex vivo (Figure 3.10F) and in vivo (Figure
3.14H). Topographical features such as blood vessels tissue surfaces are clearly visible in the brain. The
pronounced topography of these anatomical features can be helpful when performing fine registration
nonlinear and thermal imaging fields. However in tissue samples with limited visibility of morphology (e.g.
Figure 3.10F) thermal imaging is limited to providing purely temperature information. Temperature at
aqueous interfaces are useful in approximating spatial temperature distributions in vitro. Combining surface
temperatures with finite element heat transfer modeling and precise control over sample thermodynamics
can be used to render volumetric estimates of temperature in vitro (18). In combination with fluorescence
or other nonlinear imaging modalities, imaging the thermodynamics of adherent cells in vitro or in tissues
with thermal microscopy could be quite useful. Consequently, multimodal methods almost become an
essential requirement to correlate temperature and real-time cellular observations. Our microscopy platform
readily allows such observation to be made and flexibly configured to address a wide range of biological
and physiological questions.

As expected, cell viability at elevated temporal thermal gradients values is more likely to result in
cell death than at lower gradient values (Figure 3.15F, axes histograms). However, as evident by the
overlap in cell viability as a function of thermodynamics in Figure 3.15F, peak thermal gradients are not
absolutely predictive (Figure 3.15F, scatter plot). While cells heated quickly are more likely to become
damaged, rapid heating is not necessarily a death sentence for cells. The variability in thermally evoked
cell damage illustrates the need for tools to study underlying functional and biomolecular dynamics evoked
by IR light on a cell-to-cell basis. Exposure time and time after exposure becomes a crucial dimension of
cellular physiology to explore in the context of infrared neural stimulation. Endogenous lipid/protein SRS
signals are stable (Figure 3.15A&B) and a fluorescence marker for cell damage (Figure 3.15C&D)
increases following damaging levels of INS. Intriguingly, live cells show a decrease in SRS amplitude and
stable fluorescence intensities. Cell swelling could cause CHjs related SRS amplitudes to decrease to the
increase in cell volume, though the reasoning for this observation is unclear. Regardless, the unique ability
to correlate temperature, cell function, and cell biochemistry together shows that this imaging platform can

be a powerful research tool in certain research applications. Having temperature information to correlate
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directly with cell physiology or damage allows for more detailed characterization of safety and damage
levels for INS applications. Registration of thermal and nonlinear imaging fields within a couple of microns
is key to enable direct correlation of temperature-time dynamics with cell functionality since cells are not
readily visible with thermal imaging.

To practically extend this imaging platform, cell viability markers like that shown in Figure 6 can
readily be substituted for calcium sensors, voltage probes, FRET constructs, or gene transcription assays.
Using hyperspectral or bio-orthogonal SRS alongslide functional contrast, it is possible to correlate
endogenous contrast metrics with functional information to improve optical tools in studying cellular
physiology. SRS often provides relatively nonspecific biomolecular information relative to fluorescence
imaging strategies; combining functional fluorescence and SRS imaging during INS can expand the current
understanding of the impact of cellular physiological dynamics on SRS signals. Similar approaches can be
used to understand the effects of rapid temperature changes on more specific aspects of cellular physiology
to improve our general understanding of the impact of thermodynamics on cells. Such multidimensional
data set can make further use of multivariate statistics and machine learning based analyses to integrate and

observe the interplay of biochemical, biomolecular, and biophysical dynamics in unprecedented ways.

Beyond INS, similar approaches as demonstrated in Figure 3.15 may readily be adapted to study
laser tissue interactions associated with optogenetic or nanoplasmonic neuromodulation, laser
preconditioning of immunological response, or photodynamic therapy of infectious or cancerous model
systems where temperature changes may be involved. These types of experiments are enabled only by an
imaging platform that integrates nonlinear and thermal microscopy with high enough spatial and temporal
resolution capabilities to study the processes at hand. While neuroscientific questions provide a valuable
benchmark in terms of evaluating imaging speed, this platform is just as applicable to other areas of

biomedical research.

Undoubtedly, an imaging platform that simultaneously integrates thermal and nonlinear imaging
would be practically important in answering many questions in the aforementioned disciplines. It becomes
technically difficult to accommodate the disparity in optical detection wavelengths for use in a broad range
of cellular, tissue, and live animal preparations. Tradeoffs between sample flexibility and optical access
were major considerations in the imaging system’s three-armed design. Inherent hardware limitations
prevent the design a truly simultaneous multimodal nonlinear and thermal imaging system. Nonetheless,
the MANTIS platform offers a novel approach to creatively answer fundamental and translationally relevant

guestions about biology and thermodynamics which are applicable broadly to biomedical research.
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3.9 Conclusion

We present a novel and flexible multimodal optical imaging system that combines nonlinear and
thermal microscopies for biomedical imaging applications. Our platform can be used to overlay functional,
structural, and biochemical information from a single specimen tracked over time at high speed and spatial
resolution. Such approaches can be applied to study dynamic biophysical processes in cells and tissues, in
vitro and in vivo. In conjunction with continually expanding molecular biology tools, this instrument and
related imaging methods will aid in studying physiological and biochemical processes from multiple
perspectives in many fields including neuroscience, cancer biology, metabolic disease, tissue biomechanics,

and much more.
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3.15 Additional Data

Table 3.3: Detailed summary of point spread function calculations for
nonlinear imaging modalities.

CARS

Mean STD

X 0.646 0.615 0.636 X 0.6323 | 0.0158
y 0.773 0.69 0.772 y 0.7450 | 0.0476
z 2.758 3.282 2.986 z 3.0087 | 0.2627
SRS

0.849 0.743 0.906 X 0.8327 | 0.0827

0.896 0.793 0.86 y 0.8497 | 0.0523

z 3.36 2.813 3.235 z 3.1360 | 0.2866

MPF

X 0.379 0.272 0.426 X 0.3590 | 0.0789
y 0.286 0.413 0.377 y 0.3587 | 0.0655
z 1.473 1.432 1.601 z 1.5020 | 0.0882

SHG

L 0.388 0.383 0.433 L 0.4013 | 0.0275
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CHAPTER 4:

VISUALIZING THE ROLE OF LIPID DYNAMICS DURING INFRARED NEURAL STIMULATION
WITH HYPERSPECTRAL STIMULATED RAMAN SCATTERING MICROSCOPY

Text adapted from:

Wilson R Adams, Rekha Gautam, Andrea Locke, Ana I. Borrachero-Conejo, Bryan Dollinger,
Graham A. Throckmorton, Craig Duvall, E Duco Jansen, Anita Mahadevan-Jansen. Visualizing the Role of
Lipid Dynamics during Infrared Neural Stimulation with Hyperspectral Stimulated Raman Scattering
Microscopy. bioRxiv. May 2021. https://doi.org/10.1101/2021.05.24.444984 [In Submission]

4.1 Abstract

Infrared neural stimulation, or INS, is a method of using pulsed infrared light to yield label-free
neural stimulation with broad experimental and translational utility. Despite its robust demonstration, the
mechanistic and biophysical underpinnings of INS have been the subject of debate for more than a decade.
The role of lipid membrane thermodynamics appears to play an important role in how fast IR-mediated
heating nonspecifically drives action potential generation. Direct observation of lipid membrane dynamics
during INS remains to be shown in a live neural model system. To directly test the involvement of lipid
dynamics in INS, we used hyperspectral stimulated Raman scattering (hsSRS) microscopy to study
biochemical signatures of high speed vibrational dynamics underlying INS in a live neural cell culture
model. Findings suggest that lipid bilayer structural changes are occurring during INS in vitro in NG108-
15 neuroglioma cells. Lipid-specific signatures of cell SRS spectra were found to vary with stimulation
energy and radiant exposure. Spectroscopic observations were verified against high-speed ratiometric
fluorescence imaging of a conventional lipophilic membrane structure reporter, di-4-ANNEPS. Overall, the
presented data supports the hypothesis that INS causes changes in the lipid membrane of neural cells by
changing lipid membrane packing order — which coincides with likelihood of cell stimulation. Furthermore,
this work highlights the potential of hsSRS as a method to study biophysical and biochemical dynamics

safely in live cells.

4.2 Introduction

Neuromodulation using directed energy, including optical, ultrasonic, and radio frequency, have
gained notable interest recently due to their spatial precision, noninvasive implementation, and promising
potential for clinical translation in therapeutic interventions. Label-free optical neuromodulation with
pulsed infrared (IR) light, or infrared neural stimulation (INS), offers a spatially and temporally precise

means of contact-free activation of neural cells without the need for genetic modification or exogenous
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mediators. Similar to most label-free directed energy methods of neuromodulation, the biophysical
mechanisms underlying INS have remained elusive for more than a decade (1). In contrast to the tools
derived from molecular biology, such as optogenetics or photochemical uncaging, INS appears to act
through an entirely different photothermal-based mechanism (1,2). The role of lipid membrane dynamics
are thought to play an important role in how IR light depolarizes neurons photothermally (3), but remains

to be directly experimentally validated in a live neural model system.

Infrared wavelengths generally used for INS are strongly absorbed by water (4,5). The rapid
temperature rise from brief pulses of IR light were experimentally shown to depolarize HEK cells as well
as synthetic charged lipid bilayer preparations through a transient increase in membrane capacitance (2).
Biomolecular explanations for these observations were unclear. A biophysical explanation of this
phenomenon was described computationally by factoring in the thermal dependence of lipid bilayer
geometry with a Gouy-Chapman-Stern based electrodynamic model of charged lipid bilayers (3). While
the experimental data and computational model agree with each other, the role of lipid dynamics in neural
models of INS remain to be directly validated. Lipid dynamics during INS have been probed through
electrophysiology and fluorescent membrane structure reporters (2,6,7). However, these methods are
inherently indirect to lipid molecular dynamics. There remains to be any direct observation of lipid
dynamics in live neural cells during INS. Understanding the role of lipid dynamics in the mechanisms of
INS would provide both valuable scientific insight and a basis for innovation towards the next generations

of neuromodulation technology.

Conventional methods of directly measuring lipid bilayer geometry, such as x-ray diffraction and
small angle neutron scattering, are slow and not biologically compatible (8-10). Optical methods are well
suited for high resolution, biologically compatible experiments, but generally lack the spatial resolution
necessary to directly resolve lipid bilayer geometry (< 3 nm thick) on millisecond timescales. Fluorescent
functional lipid indicators, such as laurdan or di-4-ANNEPS (11), have been shown to be powerful tools in
studying lipid membrane biophysics. However, these indicators offer latent readouts of lipid dynamics and
are inherently indirect in that they rely on the molecular interaction of reporter molecules with their
molecular environment rather than the lipid molecules themselves. Vibrational spectroscopic methods, such
as Raman scattering and infrared absorption, can be performed label-free and offer a feature-rich molecular
signature useful in studying lipid organization in live cells. Traditionally, vibrational spectroscopic methods
have not been biologically compatible on sub-second timescales (12,13). Stimulated Raman scattering
(SRS) microscopy combines label-free vibrational spectroscopic contrast with subcellular spatial resolution
and sub-second temporal resolution enabling time resolved vibrational spectral measurements of live neural

cells during INS (14,15). Others have shown that lipid molecular symmetry and ordered molecular
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interactions of water with lipid bilayers are observable with nonlinear Raman microscopy (16,17).
Moreover, SRS can be implemented fast enough to discern signatures of neuronal action potentials at
millisecond timescales (16-18). With this in mind, we set out to employ a hyperspectral SRS (hsSRS)
microscopy approach to identify vibrational signatures of lipid bilayer dynamics during INS in live neural

cell cultures.

The goal of this paper is therefore to identify the molecular dynamics of membrane lipids in live
neural cells during INS with hsSRS microscopy. We demonstrate a time-resolved hsSRS methodology
combined with focus precompensation to obtain SRS spectra of live NG108 cells. Spectra of NG108 cells
show significant changes during INS which are attributable to changes in lipid packing order and solvent
interactions. Validation of this approach was compared to gold-standard ratiometric fluorescence of a
functional lipid packing order indicator — di-4-ANNEPS. We discuss how changes in the vibrational
spectral signatures of cells during INS compare to what the current mechanistic hypothesis implies.
Furthermore, we offer practical insight to performing high-resolution optical microscopy in dynamically
varying optical imaging conditions during INS, as well as offer some thoughts to the potential extensions

of this hsSRS methodology as SRS technology continues to develop.

4.3 Methods

4.3.1 Cell Culture and Maintenance
Methods for neuronal hybridoma cell cultures were adapted from previous work (19,20). A spiking

neuroma-glioblastoma hybridoma cell line, NG-108-15 (Sigma-Aldrich, St. Louis, MO), were thawed and
maintained in culture for 1 week prior to imaging experiments. Cells were maintained in Dulbecco’s
Modified Eagle Medium supplemented with 4.5g/L of glucose, 20mM of L-glutamine, 15%v/v fetal bovine
serum and 1%v/v of penicillin/streptomycin antibiotics. Cells were incubated at 37°C in 5% of CO; and
95% relative humidity. Growth medium was completely replaced every 48 hours until cells approached
confluency. Once ~80% confluent, cells were mechanically dissociated and propagated onto additional cell
culture flasks until experimental use. All cells were imaged within 15 rounds of passage from thawed
supplier stocks. Seventy-two hours prior to imaging, cells were passaged and plated onto poly-D-lysine-
coated glass-bottom petri dished (Mattek, Natick, MA) to allow for cellular adherence. Twenty-four hours
prior to image experiments, the cell culture medium was replaced with an identical DMEM formulation
except for the reduction of fetal bovine serum concentration (3%v/v) to promote morphological
differentiation into dendritic neuronal phenotypes. During imaging experiments, cells were maintained at
room temperature and humidity in neurophysiologically balanced saline free of protein and glucose with
the following composition (in mM): 140 NaCl, 4 KCI, 2 MgCl,, 2 CaCl,, 10 HEPES, 5 glucose, pH 7.4
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with NaOH and osmolarity adjusted to ~318 mOsm with mannitol (21). Cells were imaged for 45 minutes

before being discarded.

4.3.2 Microscope System
The physical layout and capability of the custom-built multimodal imaging platform utilized in this

study (Figure 4.1A) was described previously (22). Briefly, a dual output femtosecond near-infrared laser
source (Insight DS+, Spectra Physics, Santa Clara, CA) was used to excite nonlinear contrast. Both output
beams were spatially and temporally combined, with 20 MHz intensity modulation of the 1040 nm output
and a variable linear optical path length on the 798 nm output for temporal collinearity and to facilitate
hyperspectral SRS (23). The combined ultrafast laser outputs were subsequently chirped through 150mm
of high-index SF11 glass rods (Newlight Photonics, Ontario, Canada) to enable spectral focusing based
hsSRS microscopy(23,24). In summary, chirping the two ultrafast laser pulses though high index glass from
~200 fs to about ~2.5 ps allows for tuning of the relative temporal delay between the ultrafast laser pulses
at the sample to variably evoke SRS resonances. The result is improved spectral resolution (=30 cm™)
compared to using transform-limited 200 fs pulses (~300 cm*) without being limited by laser wavelength
tuning speed. The result is a video rate nonlinear microscopy platform with 800 nm spatial resolution and
approximately 30 cm* spectral resolution. After chirping, the beams were directed to a pair of scanning
galvanometric mirrors. The face of the first scanning mirror was relayed to the back focal plane of a
physiological imaging objective (Olympus XLUMPLN 20X 1.0 NA, water dipping) through a 4X
magnifying 4-f imaging relay (Thorlbs SL50-2P and TL200-2P).

Detection for SRS — specifically stimulated Raman loss — was collected via transmission by a high-
NA condenser lens (1.4 NA Oil, Nikon Instruments) directing light to a reverse-biased photodiode (APE,
Gmbh., Berlin) behind an 850 nm centered, 310nm bandwidth optical bandpass filter (Semrock,
Brattleboro, VT) to isolate the 798 nm laser line. The detected signal was subsequently demodulated with
a lock-in amplifier (APE, Gmbh. Berlin) synced against the 20 MHz sinusoid signal driving the 1040 nm
beam modulation. Any 20 MHz modulation transfer from the 1040 nm beam to the 798 nm beam was
assumed to be attributed to stimulated Raman contrast. The temporal delay between the chirped 798 nm
and 1040 nm laser pulses arriving at the sample was carefully tuned by varying the optical path length of
the 798 nm laser beam with an optical delay stage (BB201, Thorlabs, Newton, NJ, USA). The relative delay
between laser pulses over a span of 0.5 mm (or 1.6 ps) allowed for scanning of SRS resonance contrast over

approximately 300 cm™ between 2800 and 3100 cm™. Additionally, this system also allows for for
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Figure 4.1: Experimental setup for SRS and fluorescence imaging of samples during IR

exposure.

(A) Imaging system schematic, (B) Standard poly(methyl methacrylate) and polystyrene (PMMA | PS)

monolayer demonstrating spatial and (C) spectral performance of imaging system. (D) Maximum-
intensity projection of the hyperspectral SRS image stack of live NG108 cells alongside their

respective (E) whole-cell SRS spectra.
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nm long pass dichroic mirror (Semrock, Brattleboro, VT) behind the objective lens in a non-descanned
configuration. Bandpass filters for multiphoton fluorescence microscopy were selected to collect the green
(525 nm center, 50nm passband) and red (625 nm center, 90 nm passband) emission profiles of the
lipophilic dye di-4-ANNEPS. Images were acquired in a bidirectional point-scanning configuration. High-
speed hsSRS imaging experiments were acquired with a 96x64 px sampling profile with varying pixel
sampling densities between 1 and 4 um/px. Imaging with 2-5 ps pixel dwell time and bidirectional scanning
amounts to an effective imaging framerate approaching 150 Hz. Ultrafast laser average powers at the sample
plane were measured to be about 10 mW for the 798 nm laser, and 25 mW for the 1040 nm laser —
corresponding to 199W/cm? and 497W/cm? irradiances at each pixel, respectively. Assuming a constant 5
us pixel dwell time, radiant exposures per pixel amount to 1.00 mJ/cm? and 2.49 mJ/cm?. The substantial
increase in power necessary for imaging in this configuration are due to the decrease in peak power within
each ultrafast laser pulse during the chirping stage. Live cell viability was verified with all relevant imaging
conditions by cellular uptake of propidium iodide (PI) and is described in Live Cell Hyperspectral SRS

Imaging.

4.3.3 hsSRS Spectral Focusing Calibration
A monolayer preparation of mixed polymer beads were used to calibrate the optical delay between

pump and probe laser pulses as a function of SRS resonance. A mixed sample of poly(methyl methacrylate)
— PMMA 1-10 pm diameter— and polystyrene — PS, 2 um diameter — microspheres (PolySciences Ltd.,
Warrington, PA, USA) were diluted to a concentration of 0.002% wi/v (each) in a solution of methanol
(Fisherbrand, St. Louis, MO, USA). After mixing, 10 pL of diluted microbead solution were spread onto a
#1.5 glass coverslip and left to evaporate for 25 minutes at room temperature. Once dried, samples were
mounted dry onto a standard microscope slide and used for spectral calibration of hyperspectral SRS system

by spectral focusing.

To calibrate the vibrational spectral dimension of hyperspectral imaging space, 50 sequential
images were acquired of mounted polymer bead monolayers. Between each acquired image, the optical
path length delay of the 798 nm laser line was stepped by 10 um between each image, over a total of 500
um or 1.6 ps of total optical path length delay. The peak SRS signal for the 2950 cm™ resonance of PMMA
was centered in the spectral scanning range to ensure sufficient spectral sampling. Manual segmentation of
PMMA and PS beads from spectral stacks were performed and averaged across each spectral frame to
provide high-fidelity spectra for both polymers. The known vibrational peaks of PS (2910, 3060 cm™) and
PMMA (2950 cm™*) were used as spectral fiducials (Figure 4.1B&C) to linearly interpolate a relationship

between optical path delay of the chirped 798 nm laser pulse and the excited vibrational resonant mode.
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Figure 4.2: Fiber lllumination Geometry

(Right) Hlumination geometry and (Left) calculation of approximate fiber distance for estimating
radiant exposure — where dsiver iS the optical fiber diameter, rriver is the optical fiber radius, 04 is the
fiber approach angle, des- is the fiber edge’s distance off of the surface of the cover slip, and 1 is the
normal distance from the optical fiber face to the cover slip plane.

Calibrations were performed at the beginning of each day’s experiments to ensure spectral accuracy. The

spectral resolution was observed to be approximately 30 cm™.

4.3.4 Infrared Neural Stimulation
Neural stimulation was performed by placing a bare 400 um-diameter core low-OH optical fiber

(Ocean Optics, FL, USA) in close proximity to samples (~450 um) at a 30-degree approach angle into the
sample plane of the microscope’s field of view (Figure 4.2). The optical fiber used for stimulation is
connected to a pulsed laser diode centered at 1875 nm (Capella Nerve Stimulator, Aculight — Lockheed-
Martin, Bothel, WA, USA). During imaging experiments, samples were exposed to a pulse train of 188
pulses distributed evenly over 1500 ms). Pulses were 400 s in duration and were delivered at a repetition
rate of 125 Hz. Radiant exposures on samples were varied by adjusting the peak current delivered to the
laser diode, holding all dosing and geometric configurations constant. Radiant exposure calculations for
stimulation were approximated based on power measurements performed externally in air and employing
Beer’s law under the assumption of an absorption-dominated photon distribution — described in Figure 4.2
and Figure 4.3. Infrared exposure levels for INS were selected based on their ability to elicit dynamic
calcium responses (>2% increase, dF/F) in NG108 cells loaded with a calcium dye (Fluo-4-AM at 1 uM ,
ThermoFisher, St. Louis, MO, USA). Radiant exposures for no stimulation, sub-threshold, and threshold

levels of stimulation used 0, 5.02, and 10.63 J/cm?, respectively.

4.3.5 Phospholipid Multilamellar VVesicle Preparation

68



tpulse

DC = N
Tpulse
Ppea£ Eputse Toutse
p . Pavg
peak = ¢
[o]
Pavg
Epulse = tpuise Ppeak h =
Er =N - Epulse
ES —_ ET . e_a‘ds
AT Ty
Dspot = Driper + 2 6D Optical
= Dfiber + 2(ds - tan(6)) Fiber
(0.22NA)
Eq
REfiber =—— Driper
T (Dfiber)
2
E
REsampie = ﬁ
=(=5%)
. ET,e—a-dS
T Dfiper+ 2(ds-tan(8)) >
fiber
w{ L)

oD =d;- tan(B)

Tpuise  Pulse period, time between pulses Number of pulses delivered
tpuise Pulse width / duration a Absorption coefficient of 1875nm light in water
(~26cm ™ per Hale and Querry, 1973)
DC Duty Cycle of IR pulses (0.05) Dfiper  Optical fiber output diameter
Ppeak Peak Power of IR pulses Depor Effective spot size or diameter (without
absorption)
Py Average power measured from a train &D Change in diameter between sample and fiber
of IR pulses face, based on the NA of optical fiber output
Epuise  Optical Energy per IR pulse [ Angle of divergence of light from the optical fiber,
calculated from the NA of the optical fiber.
Er Total Optical Energy REfp,er  Radiantexposure calculated ex fiber
Eg Optical Energy observed at the REsqmpte  Radiant Exposure calculated at the sample
sample, d; away from fiber output. positioned d, away from fiber face.

ds Distance between fiber output and
sample
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acids signal in a biomimetic context. Multilamellar vesicles were prepared according to protocols provided
from the supplier (Avanti Polar Lipids, Alabaster, AL, USA). Phosphatidylcholine (PC) derived from
porcine brain tissue arrived dissolved in chloroform at a concentration of 2.5 mg/mL. The chloroform was
evaporated from the lipid mixture with a stream of dry nitrogen overnight and mechanically resolubilized
in phosphate-buffered saline solution at a concentration of 1 mg/mL. Vesicle mixtures were stored at 4°C
and imaged within three days of preparation. Imaging was performed at room temperature. Size distribution

of the lipid vesicle preparation was verified via dynamic light scattering to contain 1 and 5 um diameter
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Figure 4.4: Validating IR-stimulated hsSRS images on isolated biological Raman

scatterers.

(A) SRS image of a 10% bovine serum albumin (BSA) sample in phosphate buffered saline
as a control sample to measure protein SRS spectra (B) baseline and IR-stimulated SRS
spectra observed in BSA solution. (D) SRS image of multilamellar vesicles at 2930 cm™?
resonance. (E) SRS spectra of baseline and IR-stimulated MLVs. (C, F) Ratiometric
comparison of BSA and MLV SRS spectra, respectively, of resonances indicative of lipid

membrane biophysical dynamics.
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vesicles (Malvern Panalytical, Malvern, UK). MLVs were identified as multilayered spherical structures
with SRS contrast tuned to 2910cm™ (Figure 4.4A).

4.3.6 Live Cell Hyperspectral SRS Imaging
Live cell imaging experiments of endogenous vibrational contrast with hsSRS were conducted with

adherent cell preparations imaged in a physiologically balanced saline solution. Following placement of the
fiber and calibration of the spectral axis against the known vibrational peaks of PS and PMMA beads,
baseline hyperspectral image stacks were acquired for live cell samples. All images were acquired in a
point-scanning approach with a 5 ps pixel dwell time and a spatial sampling density of ~500 nm/px. To
improve signal to noise ratio of higher fidelity images, square fields of view between 320 and 512 pixels in
size were acquired and 6 to 10 images were averaged together for each spectral position. For hyperspectral
image stacks acquisitions, 50 images were acquired at evenly spaced intervals (10 um) over 500 pm of
optical path length delay — corresponding to a spectral range spanning approximately 2800 to 3100 cm™.
The resultant spectral image stack was taken as ground-truth cellular spectra to compare high speed imaging

spectra of the cells during INS in subsequent experiments.

For high-speed imaging during INS on NG108 cells, as well as control samples of multilamellar
vesicles and BSA solution, 5 ps pixel dwell time were employed to obtain imaging fields 96x64 pixels in
size with a sampling density between 1.5 and 4 um per pixel - enabling framerates of 33.4 Hz. For each of
the 50 spectral position, cells were imaged continuously for 5 seconds, during which a train of stimulating
infrared pulses is delivered at the first second of the imaging timeframe. Image acquisition and IR
stimulation was coordinated through a customized TTL-triggering protocol with an external signal digitizer
(Digidata 1550B, Molecular Devices, Sunnyvale, CA, USA). The ultrafast excitation laser is observed to
be defocused at the sample plane due to the thermal gradient induced by the stimulating infrared laser
(Figure 4.7A) was observable in each imaging timeseries as an exponential decrease, and subsequent return
to baseline (Figure 4.7B&C), of nonlinear signal on imaging photodetectors. The shift in focal length as a
function of laser power was calibrated using microbead (PMMA and PS) preparations and accounted for
prior to each IR-stimulation trial on cells. The defocusing phenomenon allowed for precise temporal
synchronization of time series across each spectral channel. After repeating and temporally aligning
simultaneous imaging and stimulation time courses on lives cells for each SRS spectral position (n = 50),
the temporal evolution of live cell endogenous vibrational spectra could be observed as a function of
irradiation time and deposited energy. For spectral evaluation, the final ten sampling time points within the
of IR exposure were averaged and reported — which was found to help reduce high frequency spectral noise
to draw conclusions from. Spectra from stimulation experiments were pooled from n = 24 cells across ten

different individual experiments of IR exposure. Each cell spectrum was normalized with respect to its
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integrated spectral intensity, and standard deviation of the spectra across all cells in each stimulation
condition were calculated. The ‘no stimulation’ conditions are obtained from initial SRS signal from cells
prior to each round of IR exposure and pooled from all stimulation conditions being compared. The shape
of SRS spectra acquired at high frame rates (Figure 4.8B) were not found to noticeably differ from higher
fidelity spectra (Figure 4.1D).

To verify cell viability during IR exposure, NG108 cells were subject to the hsSRS and stimulation
protocol described above while simultaneously monitoring for cell damage via positive fluorescence
staining of cell nuclei with propidium iodide. Imaging protocols were kept identical as previously described
while supplementing the cell imaging medium with 1 uM propidium iodide (Thermo-Fisher, Natick, MA,
USA). Cell morphology was additionally monitored throughout the experiment by comparing high fidelity
images (< 1 um/px sampling density) of the cells before and after imaging at their peak SRS resonance

contrast at 2930 cm™.

4.3.7 di-4-ANNEPS Ratiometric Fluorescence Imaging
Imaging protocols were adapted from previously published work (25). Briefly, a loading solution

of 4-(2-(6-(Dibutylamino)-2-naphthalenyl)ethenyl)-1-(3-sulfopropyl)pyridinium hydroxide (or di-4-
ANNEPS) was prepared by diluting an aliquot of 4mM stock solution in dimethyl sulfoxide (DMSO) in
neurophysiological saline to a final loading concentration of 2 uM. NG108 cells were incubated in the dark
at 37°C, 5% CO; and 95% relative humidity for 25 minutes, before being rinsed and maintained in fresh
neurophysiological saline solution free of dye for fluorescence imaging. To image di-4-ANNEPS
fluorescence, two photomultiplier tubes (PMTs) configured for non-descanned epifluorescence detection.
Fluorescence emission was split by a 593nm long pass dichroic mirror and subsequently filtered with either
a 525nm/25, or 625nm/45 optical bandpass filter before reaching PMT detectors (Semrock, Brattleboro,
VT, USA). Ultrafast laser excitation for multiphoton fluorescence was tuned to 960 nm to optimally excite
di-4-ANNEPS. For high-speed imaging, images were acquired as 96x64 pixel images between 0.5-4.0
um/pixel sampling densities with 5 us pixel dwell times to yield 33.4 Hz framerates. Excitation laser
intensity for imaging was maintained below 10 mW at the sample plane. The SF11 glass rods used to chirp
the laser pulses for hsSRS imaging were removed for ratiometric fluorescence imaging, resulting in ultrafast

laser pulse width approaching 200 fs at approximately 80 MHz.

During a 5-second imaging period, stimulating IR light was delivered to di-4-ANNEPS stained
NG108 cells via a 400 pm core multimode optical fiber immediately adjacent to the microscope’s field of
view. Varying levels of radiant exposure were delivered to cells (0-44 J/cm?) and the resulting fluorescence

intensity changes were compared across stimulation conditions. Calculations for conventional polarization,
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as well as a modified version of general polarization (Figure 4.5), were derived to compare conventional

assessments of lipid packing with that observed with hsSRS.

4.3.8 Data Processing, Analysis, and Visualization

1.4.3.8Hyperspectral SRS Imaging Data
Raw data acquired from the imaging experiments were collated and sorted into multidimensional

stacks of 16-bit TIFF stacks separated by time and wavenumber using a customize processing pipeline in
Fiji leveraging the Bioformats plugin (26,27). Average intensity projections of multidimensional (spectral,
temporal) image stacks in time and spectral space were used to generate a mask to segment cells geometries.
A general region of interest identified from the resultant masks were applied to the raw multidimensional
image stack to extract spectral and temporal data from features of interest (e.g. beads, cells). To segment
individual cells, a 2-pixel Gaussian blur was applied to the average intensity projection of the
multidimensional image stack and contrast local histogram equalization was performed to reduce cell signal
intensity variations between cells. Post-hoc flat field correction of imaging field heterogeneity of images
was implemented by scaling pixel intensities relative to the average intensity projection gaussian blurred
with a kernel equal to 0.25-0.5x the largest dimension of a particular image. Prominent peak locations in
the image are identified. The filtered average intensity projection is subsequently segmented via Otsu
segmentation. The resulting mask and previously identified peak locations are fed into an seeded watershed
segmentation algorithm which reliably separates and segments induvial cells as their own ROIs with
minimal cell-to-cell overlap (28). Edge maps of cells were acquired by subtracting the watershed-
segmented mask from itself following an erosion operation, which reliably identifies borders in a cell-
specific manner. The resultant regions of interest are applied to the raw stacks to extract the mean amplitude,
standard deviation of signal or amplitude measurements, and their respective centroid locations in image-
space for each spatial and temporal point. This process is automated as a macro procedure in FIJI and is
freely available with raw data examples as supplementary information. Depicted images provided in the
manuscript are derived either from single frames at specific wavenumbers of interest or maximum intensity
projections of spectral image stacks. For visualization purposes in publication, intensity scaling for all

images were adjusted linearly.

All hsSRS spectra are smoothed with a 3-point sliding Gaussian window and normalized with
respect to their integrated spectral area. Since the intent of the study is to compare the relative spectral
shapes of each sample, an integrated spectral normalization was chosen to facilitate this interpretation. Error
associated with each plot is presented as standard deviation of all averaged spectra obtained for a given
experimental trial. Each individual bead was taken as one sample, and different trials were taken as

independent observations for statistical analysis purposes. For peak ratio comparisons, vibrational

73



resonance intensities were calculated utilizing a cubic spline interpolation of the measured spectral data and
it’s respective standard deviation. Comparisons of peak ratios were assessed using a student’s 2-sided t-
test, where errors associated with ratiometric comparisons were calculated based on the propagation of error
of the interpolated standard deviations (statistical significance was denoted by * for p < 0.05, ** for p <
0.01). All quantitative work was performed in MATLAB (Mathworks, Natick, MA, USA) using native

functions. All bar graphs were created using the superbar package.

2.4.3.8Ratiometric Fluorescence Analysis of di-4-ANNEPS Data
Processing of ratiometric fluorescence data is derived in part from previous work (29). Raw image

stacks of green (lipid membrane gel phase - ordered) and red (lipid membrane liquid phase - disordered)
spectral emission channels are acquired simultaneously at a 33.4 Hz framerate. Conventional general
polarization (GPcnv) was calculated using the following equation (29): Gwas calculated using the following
equation (ref)

(0@®) - D)

GPeony(t) = 0@ + D(D)

The raw image intensity differences between the green (ordered, O(t)) and red (disordered, D(t))
imaging channels were divided by the sum of both channels for each timepoint in the image stack for each
experiment. Decreases in GPcny Value generally suggest decreases in membrane packing order. Average
GP values as a function of time were calculated and each cell’s GP value was taken as an average GP of all
pixels contained in each cell’s ROI. Cell segmentation similar to those segmented for SRS images utilizing
a seeded watershed method was performed. However, since di-4-ANNEPS labels the extracellular
membrane preferentially, a Huang threshold mask of raw disordered spectral fluorescence intensity images
were obtained to determine cell boundaries and a binary fill operation was employed to identify areas in
the image that contained cells. The lack of lipid-stained fluorescence in cell nuclei was used to identify
center points of cells. The raw disordered fluorescence channel image was smoothed with a 2-pixel
Gaussian filter and local minima in the images were used to approximately localize cell center points. These
cell center points, as well as the cell position mask, and a distance map calculated from the cell position
mask were fed into a seeded watershed algorithm in F1JI to yield segmentation maps of individual cells in
a given experiment (26,28). The regions of interest derived from the segmentation were subsequently
applied to each imaging experiment, where time series of both raw fluorescence channels were obtained
per cell and the resultant data was exported for processing and analysis in MATLAB (Mathworks, Natick,
MA, USA). Statistical comparison of GP values across stimulation conditions was performed using a 2-

sided student’s t-test and the magnitudes and standard error of means across the GP values were calculated
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across all individual cells in a particular experimental condition (statistical significance denoted as * for p
<0.05).

For image visualization, adapted from previous work (29), 8-bit depth raw fluorescence intensity
images from the disordered fluorescence channel were multiplied by each color channel of an color red-
green-blue (RGB) format image representing the calculated GP images with the desired false-colored look-
up table of preference. The resulting images yield an image where pixel brightness represents intensity and
color represents calculated conventional general polarization — which are used purely for visualization
purposes. All rescaling of intensities in images are linear and performed for clarity of cellular morphologies

and biophysical properties in print (Figure 4.10A).

Due to large variations in total fluorescence measured in any given experiment due to thermal
lensing during IR stimulation, the conventional method of calculating GP was found to be unreliable. Since
we expect a decrease in overall fluorescence due to the decrease in effective collection efficiency during
thermal lensing induced defocusing, the magnitude of changes in the denominator of the GP¢n equation
are much larger than that of the changes in the numerator of the equation. To account for these effects, we
developed an intensity invariant version of GPcony to better reflect these dynamics mathematically over short
experimental periods of time undergoing substantial changes in photon collection:

[09 — Dol + [0 (t) — Doss ()]
[0 + Dol

G Proa (t) =

Where O represents initial ordered fluorescence levels, Do represents initial disordered

fluorescence levels
O, () = [0(t) — Op]
Dosr(t) = [D(t) — Dy]

Ouri(t) represent the net change in ordered fluorescence relative to Og as a function of time, and
Dosi(t) represents the net change in disordered fluorescence as a function of time. O(t) and D(t) are the raw
ordered and disordered fluorescence as a function of time, respectively. (Figure 4.5B). The alternative
metric of modified GP (GPmod) emphasizes the raw difference in measured fluorescence intensity between
the ordered and disordered fluorescence imaging channel without dividing by the sum of both image
channels over time. Assuming the defocusing artifact between both channels results in an equal amount of

defocusing and signal loss from each fluorescence channel, any changes in the relative difference between
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Figure 4.5: An intensity-invariant metric of general polarization for di-4-ANNEPS imaging of
cells during IR stimulation.
A method to account for signal loss from thermal lensing that may impacts perceived signal
interpretation. (A) di-4-ANNEPS loaded NG108 cells. (B) Baseline-offset mean detected intensities
of mean disordered (black line) and ordered (red line) of all cells in a given experiment, plotted
alongside the difference of detected intensities (Ordered — Disordered) (C) Calculated conventional
general polarization timeseries during IR stimulation alongside adapted general polarization
calculation. (D) Conventional and adapted GP metric calculations alongside each other. Eliminating
the time dependance of the denominator term circumvents the defocusing artifact’s impact on the
GP calculation.

the fluorescence signals as a function of time is indicative of functional changes in lipid bilayer packing
(Figure 4.5). For the purposes of this study, we are interested in determining the direction of GP changes
— positive or negative - rather than it’s magnitude. This consideration makes GPmog @ convenient and

applicable tool for our experimental approach.

4.4 Results

4.4.1 Thermal Lensing during IR Stimulation
Following confirmation of our instrument’s ability to obtain hsSRS image stacks from live NG108

cells (Figure 4.1D&E), initial experiments with IR stimulation during nonlinear microscopy (i.e. any
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Figure 4.6: Temperature dependence of 2930 cm™ CARS and SRS signal.
(Left) experimental imaging and temperature measurement setup. (Right) Raw intensity
measurements of vegetable oil meniscus as a function of temperature.

coherent Raman modality, multiphoton fluorescence, or higher harmonic generation) resulted in a
substantial loss in measured signal during IR exposure (Figure 4.7B&C) (22). This was apparent in both
short periods of heating from a millisecond pulse of IR light (unpublished data), or pulse trains of multiple
microsecond pulses of light. The shape of the disappearance and reappearance of the nonlinear signal
appears to follow the shape of the expected heating and cooling dynamics that is typically observed during
IR mediated heating (30)— suggesting that a temperature related phenomenon may be responsible for the
loss in signal. Considering the goal of this work is to image the high-speed chemical dynamics in live cells
during IR exposure, the loss of signal during this critical time period posed a challenge. To better
understand the role of this signal loss with immersion medium temperature, a vegetable oil sample was
imaged with SRS (2885 cm™) through warmed immersion medium at a range of physiologically relevant
temperatures. Temperature of the immersion medium was monitored by a thermocouple placed adjacent to
the microscope’s field of view at the coverglass-immersion medium interface (Figure 4.6). Warmed
deionized water (approximately 50 °C) was added between the objective and sample with the edge of
vegetable oil sample placed in focus. Images were acquired continuously as the immersion medium slowly
cooled to room temperature (22 °C). Contrary to the signal decrease observed during rapid IR heating
(Figure 4.7B&C), this experiment showed that changes in immersion medium temperature revealed a
positive correlation with temperature and SRS signal of vegetable oil. This data suggested that changes in
immersion medium temperature on its own was not sufficient to explain the decrease in nonlinear optical

signal during IR heating.

7



Baseline Pre-compensation
IR Off IR On IR Off IROn

e P e o Tt o esnerii Axial Focus Offset

&um
5um
4um
3um
2um
1pm
Oum (ideal)

1000

-2000

possme e

3000 rJ\\\A\N\J wyw-a\v-, U

AAmplitude (A.U.)

Raw Intensity (Offset)

-4000
0 2 3
Tlme (sec)
E PMMA PS
— . 0.06
=] Baseline 3 Baseline
0.08
< R < pos R
1] 1]
= =]
2 =2
= 0.08 = 0.04
E E
< < P
%) w 0.03 7 \‘
¥ 0.04 i'd [\
w w \
§ § 0.02 \
T 0.02 4 RN T
S / o E 001
g / > g
z ~ S = ~
- § == 1
2800 2800 3000 3100 2800 2800 3000 3100
‘u‘v‘avenumber(um'1j Wavenumber(cm' )

o

CHVH*\. .(thg\ CH

PR @66©©©

Figure 4.7: Explanation of defocusing phenomenon and an experimental approach to
circumvent it.

(A) By adjusting the microscope focal plane to accommodate focal shifts induced by pulsed-IR
neurostimulation within the microscope’s field of view, it is possible to recover some lost nonlinear
signal due to defocusing. (B) The thermal gradient and subsequent defocusing artifact generated by
INS in the microscope’s field of view is due to water absorption of INS light. Replacing H.O
immersion with DO immersion for imaging demonstrates that absorption of IR light is the driving
force behind defocusing and signal loss. (C) Pre-compensating for INS-induced defocus by
adjusting the focal plane position relative to our sample allows for nonlinear signal during INS. (D-
F) Extrapolating this experimental approach across the wavenumber regions of interest allows for
reconstruction of vibrational spectral dynamics during fast biophysical thermal events such as INS.
D) Composite SRS image of PMMA and PS beads at 2950 and 3050 cm™ respectively. Baseline and
IR-stimulated spectra for E) PMMA, and F) PS reconstructed using the focus pre-compensation
approach, with respective chemical structures for reference.
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correlated with temperature (31). This concept suggests that the spatial thermal gradients generated by the
IR absorption from IR stimulation would defocus the ultrafast laser driving nonlinear contrast and thus
reduce observed nonlinear optical signal. To test this hypothesis, the immersion medium for the objective
lens was replaced with heavy water (D,0), which has a five-fold lower absorption coefficient at 1875nm
than deionized water with nearly identical refractive indices (2). If the thermal gradient causes the decrease
in nonlinear signal observed in the sample, then reducing the immersion medium’s IR absorption properties
should reduce the magnitude of the nonlinear signal decrease during stimulation. The results shown in
Figure 4.6 validates this hypothesis (Figure 4.7B) suggesting that the thermal gradient from IR stimulation

was defocusing the ultrafast laser source resulting in a decrease in nonlinear signal.

Since water’s index of refraction is negatively correlated with temperature, the thermal gradient
generated during IR stimulation in front of the stimulation fiber and within the microscope’s field of view
behaves like a negative lens during imaging. Imaging out of focus samples during IR stimulation would
bring samples into focus (Figure 4.7A). This hypothesis was found to be true for both nonlinear imaging
and IR transillumination imaging. By moving the microscope’s focal plane above the sample by a few
microns prior to IR exposure, the samples (polymer microbeads in this case) would come into focus (Figure
4.7C). This precompensation of defocus was applied repeatedly across numerous spectral channels to
generate a time resolved hsSRS profile of samples during IR stimulation, similar to previously employed
approaches with hsSRS and electrophysiology (18,32). This approach was verified by measuring several
control samples: PS/PMMA microbead monolayer mixtures, 10%w/v bovine serum albumin solution in
PBS, and large multilamellar vesicles of neurologically derived phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) in physiologically balanced neural saline solution before conducting

experiments using live cellular samples.

4.4.2 Verifying pre-compensation for thermal defocusing during hsSRS
Figure 4.7D shows a representative image of mixed microbead monolayers, highlighting PMMA

in cyan using the band at 2950 cm(terminal methyl C-H resonance) and PS in orange using the band at
3050 cm™ (aromatic C-H stretch resonance). The mixed bead sample was exposed to ~12 J/cm? IR
stimulation and the resultant spectra for both bead types are shown in Figure 4.7E&F. Relevant spectral
band assignments for polymer microbead samples are summarized in Table 4.1.. Infrared-exposed PMMA
beads exhibit several distinct spectral changes upon heating — decreases in the 2880 and 2910 c¢m™
resonances of skeletal C-H stretching, as well as relative increases in resonances at 3000 cm and decreases

at 3050 cm™. Shifts in PS hsSRS spectra during IR exposure show relative increased vibrational activity
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Table 4.1: Raman spectral band assignments in the CH stretch region
Control (23,73,74) and cellular (36,37,43,75) samples band assignments from their
respective references.

Wavenumber Assignment
Polymer Microbeads

2847 PMMA C-H stretching of O-CH,

2885 PMMA C-H stretching of a-CH,

2910 PMMA symmetric C-H of -CH, ; C-H stretching of O-CH,

2950 PMMA symmetric C-H of a-CH; symmetric C-H of O-CH;; asymmetric

C-H of -CH,
3000 PMMA asymmetric C-H of O-CH,, asymmetric C-H of a-CH,
3050 PMMA asymmetric C-H of O-CH,
2850 Polystyrene symmetric C-H of CH,
2915 Polystyrene asymmetric C-H of CH,

3050 Polystyrene =C—H stretching of aromatic ring

Biological Lipids
2850 Lipids Symmetric C-H stretch of aliphatic -CH,
asymmetric C-H of aliphatic -CH,; Fermi resonance between
2880 or 2885 Lipids the symmetric C-H stretching mode and the overtone of the C-
H bending vibrations
2970 or 2960 Lipids Asymmetric C-H stretch of -CH,
3015 or 3023 Alkyl =C—H stretches

Biological Proteins
Symmetric C-H stretch of -CH,
Asymmetric C-H stretch of -CH,

2940 or 2930 Proteins 2930 cm-1 corresponds to the overtone of the CH,
scissoring (6(CH,)) enhanced by Fermi resonance with the v,-
(CH,) mode.

3000 - 3060 Proteins sp? C-H stretch of aromatic/vinyl amino acid residues (=C—H)

around 2850 cm, implying the possibility of relaxed steric hinderance of skeletal sp® CH, symmetric
stretching modes, while broadening the 3050 cm™ peak attributable to aromatic sp? C-H stretching and
suggesting reduced steric hinderance around aromatic side chains. These observations show that utilizing a
time resolved approach to obtaining hsSRS spectra of samples heated by pulsed IR light is feasible in highly

Raman active idealized chemical samples.

The dominant Raman scatterers in the 2800-3100 cm* spectral region primarily include lipids and
proteins — with some marginal nucleic acid contribution (33,34). Spatially and spectrally, nucleic acids are
easy to separate in cellular images (35). However, since proteins and lipids in cells do not appear as spatially
distinct as the resolution of our microscope, their distinct spectral information must be used to draw
conclusions about their molecular dynamics. Understanding how proteins and lipids are separately affected

by IR stimulation provides insight to the spectral shifts can be attributed to each biomolecule during live
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cell imaging. hsSRS imaging with IR stimulation was performed on separate aqueous preparations of
biomimetic multi-lamellar vesicles (phosphatidylcholine - PC, neurologically derived, porcine sourced,
Avanti Polar Lipids, Alabaster, AL, USA) and bovine serum albumin (BSA, 10%w/v) solutions.

An emulsion of multilamellar vesicles (MLVs) were imaged with hsSRS and focus
precompensation during radiant exposures equivalent to threshold levels (10.63 J/cm?) of IR exposures in
live cells. These vesicles serve as a coarse chemical representation of cells to provide an isolated lipid
preparation, free of protein or carbohydrate contribution to vibrational spectra. Infrared-exposed MLV
spectra (Figure 4.4A&B) show distinct shifts in lipid molecule resonances relevant to lipid molecular
packing order. Relevant spectral band assignments for biological lipid samples are summarized in Table
4.1. The 2850 cm™ symmetric aliphatic C-H stretch resonance is markedly decreased, along with its Fermi
resonance at 2880 cm™. Meanwhile, sp? C-H stretching resonances associated with unsaturated aliphatic
chain motifs at 3010 cm are substantially decreased. Crucially, ratiometric comparison of 2880 and 2850
cm® shows reduced rotational restriction in alkane chains, or a decrease in aliphatic tail packing order
within the hydrophobic region of the membrane (Figure 4.8C). This is further supported by the observed
decrease in the ratio of 2940 to 2830 cm™, which relates to increases in the solvent interaction with lipids
(Figure 4.4C). These observations suggest that thermodynamic changes in lipid vibrational signatures
during IR stimulation are discernable with hsSRS.

To characterize protein vibrational signature changes during IR-induced heating, the edge
of a 10%w/v BSA solution meniscus was imaged with hsSRS using radiant exposures equivalent to
threshold levels of IR exposures in live cells (Figure 4.4D). Changes in protein spectra during IR exposure
appear to be negligible (Figure 4.4E). Furthermore, the contribution of protein vibrational spectra in
ratiometric comparisons that reveal significant changes in MLV samples appear to contribute negligibly to
IR-exposed changes in the BSA sample (Figure 4.4F). It is worth noting that the amino acid constituents
of BSA, a water-soluble protein, may not be directly representative of a transmembrane protein one would
observe as a component of the extracellular membrane or intracellular organelles. However, the data
supports previous work showing that the shape of protein spectra in the CH-band region of the Raman

spectrum do not appreciably change with temperature (36,37).

4.4.3 hsSRS of Neural Cell Models during INS
With the spectral changes in biomimetic samples established, hsSRS imaging during IR stimulation

was conducted in an in vitro neural cell model - a neuroma-glioblastoma hybridoma cell line (NG-108-15,
Sigma-Aldrich, MO, USA). The NG-108 cell line was used as a practically robust and experimentally

resilient neuronal cell model for hsSRS imaging. These cells are an accepted electrodynamic model of in

81



=
a0
T=

No Stim
Sub-Threshold
Threshold

MNormalized Amplitude
L = = = =4
(=} [=} [=} [=} [=}
p—y (%] [¥5] = (53]

=

2600 2850 2900 2950 3000 3050 3100

Wavenumber (cm'1}

b
™

eIl T T

0.5}

o
iy
T

Ratio 2940/2885
Ratio 2850/2930

Ratio 2880/2850

0.5}

<
L]
T

0 0
No Stim Sub-Threshold  Threshold Mo Stim Sub-Threshold  Threshold Mo Stim Sub-Threshold  Threshold

Figure 4.8: Vibrational Spectroscopic Imaging of NG108 Cells during infrared neural stimulation
(A) Maximum Intensity projection of NG108 spectral image stack from 2800-3150 cm™ [n = 50 images].
(B) Average SRS spectra obtained from NG108 cells during infrared neural stimulation of at and above
activation threshold radiant exposures [n = 10-24 cells per group]. Peak ratio comparisons indicative (C)
asCH,/asCHs as a measure of trans-to-gauche isomerization of lipid tail groups, (D) symCHa/symCHjs as
a measure of increased polar headgroup association with water due to membrane packing order decrease,
and (E) asCH./symCH, as an indicator of decreasing acyl chain packing order. *indicates p < 0.05

vitro neurons and have been used in the past successfully to study electrodynamics evoked by IR stimulation
(19,20,38). Figure 4.8A shows a maximum intensity projection of an hsSRS spectral image stack to
highlight the morphology of NG-108 cells. Successful stimulation with pulsed IR light were verified in
separate experiments (unpublished) of NG108 cells loaded with a calcium-sensitive dye, Fluo-4-AM at
1uM in balanced saline for 45 minutes. Two-photon fluorescence and SRS centered at 2880 cm™ — an
asymmetric sp® CH, resonance dominantly from lipids —images were acquired simultaneously during IR
stimulation of NG108s at a range of IR doses until noticeable increases in calcium-dependent fluorescence
responses were evoked (>2% increase in dF/F). Levels of IR evoking consistent intracellular calcium
responses across the microscope’s field of view were referred to as threshold levels of exposure. Cells were
imaged with hsSRS during IR stimulation with threshold and subthreshold (about half of threshold levels)
doses of IR light.
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Figure 4.9: NG108 Cell Viability following hsSRS and repeated INS

(A) Representative average intensity projection images of NG108 cells with SRS (left,
magenta) and 2P fluorescence (green, right, identical intensity image scaling) of a cell
viability indicator, propidium iodide (PI). Slight differences in cell morphology appear after
50 rounds of INS (bottom) compared to 1 round of INS (top). No substantial update of Pl was
observable. Scale bars are all 40 um in width. (B) Intensity level comparison of PI
fluorescence in cells exposed to different amounts of threshold INS events. No significant
differences observed between non-stimulated and stimulated conditions. Significantly lower
fluorescence compared to positive control of dead cells across all conditions. Asterisk
indicates p < 0.05 based on a 2-sided student’s t-test comparisons of cell intensity means and
standard deviations across all measured cells (n = 38).

The resultant area-normalized hsSRS spectra of NG108 cells under baseline (unstimulated),
subthreshold, and threshold stimulation conditions are shown in Figure 4.8B. Relevant spectral band
assignments for biological samples in the CH-stretch region are summarized in Table 4.1. Shoulders
appearing at 2850 cm-1 during stimulation are indicative of relatively increased vibrational resonant activity
from symmetric aliphatic C-H stretching in lipid tail chains. Decreases in the relative intensity ratio between
2940 and 2885 cm™ (Figure 4.8C) suggest a decrease in packing order within the hydrocarbon tails of the
lipid molecules due to trans-gauche isomerization of sp® hydrocarbon chains. Interestingly, the 2850 cm™
shoulder appears to increase in spectral intensity relative to the associated Fermi resonance at 2880 cm™,
possibly suggesting a reduction of intermolecular steric hindrance between aliphatic lipid tails, or more
rotational freedom of hydrocarbon chains. These observations were quantified by calculating the intensity
ratio between 2850 and 2940 cm (Figure 4.8D), as well as 2880 and 2850 cm™ (Figure 4.8E). These
metrics respectively offer a quantification of lipid tail chain packing order — which was previously
hypothesized to decrease during IR stimulation (3). Figure 4.8C-E shows these intensity ratios from NG-
108 whole cell spectra obtained at baseline, sub-threshold, and threshold levels of INS previously
established to elicit calcium transients. Statistically significant differences (p < 0.05, indicated with asterisk)

in these ratios suggest decreased hydrocarbon tail chain packing in cellular lipid membranes. Notably, in
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each comparison, the ratios calculated for subthreshold exposure fall between unstimulated and stimulated
conditions. Of particular note, the shoulder around 3030 cm™ — which is a sp? CH (methylene) resonance
assignable to CH bonds at points of unsaturation in lipid hydrocarbon tails — appears at the threshold
stimulation but is reduced in the subthreshold and no stimulation cases (Figure 4.8B).

The hsSRS spectral acquisition as described above requires cells to be exposed to 50 different
rounds of IR stimulation — possibly damaging the cells and yielding biologically irrelevant observations.
Though no morphological changes were observed in the stimulation experiments, cell viability was verified
after repeated IR exposure. Exposed NG108 cells were imaged with multiphoton fluorescence to track the
uptake of a cell damage indicator — propidium iodide (PI) — simultaneously with SRS tuned to the 2940 cm-
1 CHj; resonance. Cells were imaged through 50 rounds of stimulation, using parameters similar to those
used during a live cell hsSRS imaging experiment (Figure 4.9A). Some cell swelling was observed
morphologically, but no uptake of Pl was observed (Figure 4.9B)- suggesting that the repetitive nature of

hsSRS acquisition did not have any immediate impact on acute cell viability.

4.4.4 Ratiometric fluorescence imaging of functional lipid dye during INS verify changes in lipid bilayer

packing order
Ratiometric fluorescence of di-4-ANNEPS emission, a probe of membrane packing order, was

employed to verify cellular lipid dynamics as observed in vibrational spectra (25). Di-4-ANNEPS
rotoisomerization is known to be dependent on fatty acid tail chain packing order in lipid membranes.
During IR stimulation, if lipid tail chain packing order is decreased, a similar decrease in general
polarization (GP) metric should follow. In place of the conventional approach for calculating GP, intensity-
invariant adaptation of GP was utilized to circumvent the defocusing effect during IR stimulation (detailed
in Methods and Figure 4.5). Figure 4.10A depicts an intensity image of di-4-ANNEPS loaded NG-108
cells overlaid with color denoting GP calculation at each pixel. Figure 4.10B and C show the mean single
cell GP time traces and their standard deviations for each dosing condition. The intensity-invariant GP of
di-4-ANNEPS (Figure 4.5, see Methods) shows substantial decrease in GP as a function of IR stimulation
dosage (Figure 4.10C). A decrease in GP suggests a decrease in lipid chain packing order during IR

stimulation supporting the hsSRS observations.

4.5 Discussion

Our current understanding of label-free directed energy neuromodulation continues to raise
guestions about their mechanistic bases. An improved understanding of INS mechanisms provides a
fundamental framework for the development of future innovative neuromodulation technologies. Here, we

provide an approach that uses hsSRS microscopy to gain insight to the role of lipid dynamics in live neural
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Figure 4.10: General polarization (GP) measurements in NG108 cells of di-4-ANNEPS during INS
(A) Fluorescence intensity images overlaid with calculated initial GP values of NG108 cell cultures
loaded with di-4-ANNEPS. (B) Relative changes in adapted general polarization metrics NG108 cells
during varied doses of IR stimulation. Decreases in relative general polarization are indicative of
decreases in relative extracellular lipid membrane packing order which agree with hsSRS observations.
Error traces represent standard deviation across all cell responses [n = 50-109 cells]. (C) Magnitude of
GP decreases across sub-threshold [5.02J/cm2] and threshold [10.63 J/cm2] levels of radiant exposure.
Error bars represent SEM across all cells within each condition. * indicates p < 0.05

cells during INS. Most traditional methods to observe lipid-specific dynamics (e.g. isolated lipid
preparations, electrophysiology, x-ray diffraction, neutron scattering) in cells in real time suffer from lack
of specificity or biological compatibility. Methods that utilize fluorescent tags (e.g. fluorescence correlation
spectroscopy, fluorescence recovery after photobleaching) provide insight into the dynamics of lipids in
live cells but are inherently indirect. The goal of this work was to directly observe the biophysical dynamics
of INS with a vibrational spectroscopic approach in live neural cells. Using the intrinsic Raman contrast of
lipids, spectroscopic insight would help clarify the mechanistic role of lipid dynamics in INS. Our
demonstration of characterizing and precompensating for dynamic defocus during INS with hsSRS is a
novel approach in biomedical microscopy that is applicable to studying the molecular biophysics of live

cell models more generally.

Photothermal events are notoriously difficult to address with biological microscopy due to the

relationship between temperature and refractive index in water. While bulk changes in sample temperature
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can impact optical aberrations in microscopes, spatial thermal gradients that vary on the order of the
microscope’s field of view can have significant impacts on the refraction of light into the sample (Figure
4.7B). Accounting for defocusing actively on millisecond timescales may be possible with dynamic
adaptive optics approaches but is far from trivial to implement. Instead, our approach to adjust for IR-
induced defocusing of the fluorescence excitation empirically (Figure 4.7A&C) — though coarse compared
to adaptive optics — enables us to gather useful insight to the biophysical phenomena associated with INS
(Figure 4.8). The reliable timing of stimulation can be leveraged to employ a time-resolved spectroscopy
approach to hsSRS imaging at high framerates. In doing so, we demonstrate that high-speed vibrational
dynamics can be resolved in live cell preparations safely to yield biologically meaningful observations. In
studying INS using high numerical aperture microscopy, where IR induced deflections in focal length can
equal or exceed the depth of focus of a particular imaging objective, we urge others to interpret their results
cautiously. Thermal defocusing can have a disproportionate impact on single-channel intensiometric-based
measurements and need to be carefully accounted for (Figure 4.5). In cases where intensity noticeably
changes during exposure, we encourage others to employ ratiometric or multi-spectral approaches to allow
for defocusing artifacts to be readily accounted for. With fluorescence microscopy, where quantum yield,
fluorescence intensity, and spectral profiles are well known to be sensitive to both heating and defocusing
(39-41), having simultaneous or time-resolved multispectral reference bases will allow for such artifacts to
be accounted for in post-processing.

There are several spectral changes in the CH-stretch region of the Raman spectrum (2800-3100 cm-
1) that one might expect to see if the current INS mechanistic model was valid. Trans-gauche isomerization,
or rotoisomerization, of sp® hydrocarbon chains — primarily associated with lipid hydrophobic tail groups
in Raman imaging — can give rise to a number of steric effects that drive lipid membrane deformations
(36,37,42,43). Specifically, lipid packing order — or the ability for lipid molecules to stack neatly alongside
each other within the membrane leaflets — was hypothesized to decrease with elevated temperature during
INS. Rotoisomerization in membrane lipids geometrically shortens acyl tail groups, resulting in membrane
thinning. While quantifying the absolute deformation of lipid membrane thickness with SRS would require
additional calibration experiments, relative indicators of molecular interactions can be quantified with
hsSRS. An increased quantity of gauche rotamer within the hydrophobic region of the membrane leads to
geometric acyl tail shortening and sterically drives lipid molecules apart from each other. The result is a
decrease in membrane packing order. In the CH-stretch region of the Raman spectrum, relative changes in
symmetric (2850 cm™) and asymmetric (2880 cm) aliphatic C-H stretching indicate shifts in molecular
packing order due to changes in the rotational freedom of hydrocarbon chains in lipid tails. Raman signal

at these resonances is largely attributed to biological lipids (Figure 4.4)(33). A decrease in the ratio of 2880
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and 2850 cm™ during INS (Figure 4.8E) is indicative of a ‘loose’ packing order between lipid molecules
or an increase in trans-gauche isomerization (44,45). The rotoisomerization of lipid tails is well known to
both decrease membrane thickness and increase the area of each lipid molecule’s solvent interactions (46—
48). Changes in the ratio between 2940 and 2885 cm™ offer insight to water interaction with lipid molecules,
which should increase with temperature. The data show a decrease in the ratio between 2940 and 2885 cm-
1 (Figure 4.8C), which is in line with the idea that lipid molecules expand within the membrane leaflets to
leave room for more potential solvent interactions (e.g. hydrogen bonding) with elevated temperatures. The
IR dose dependance of this observation further suggests that the relative degree of isomerization correlates
with levels of IR exposure that would evoke neural activity in vitro. The observations of a progressive
increase in isomerization with IR exposure support the existing mechanistic model of INS, where transient

temperature changes are accompanied by changes in physical bilayer geometry.

The shoulder appearing around 2990 and 3030 cm™ during INS in cells (Figure 4.8B) arise from
relative increases in vinyl C-H resonances, which correspond to points of unsaturation in lipid tail acyl
chains. Relative increases in vinyl C-H signal can arise from reduced steric hinderance of sp? C-H stretching
as well as compositional or membrane potential related changes when the lipid bilayer undergoes thermal
changes. Curiously, the appearance of the 3030 cm shoulder in threshold stimulated cells was reduced in
sub-threshold levels of stimulation. This resonance at 3030 cm™ may provide a key marker for neural
biophysics during INS.

The vinyl C-H portion (2980-3100 cm™) of the C-H stretch region does contain SRS signal
contributions from proteins— particularly from amino acid residues such as tyrosine, phenylalanine, and
tryptophan. These amino acids play a key structural role in stabilizing hydrophobic domains of
transmembrane proteins in the cell membrane. Control experiments observing the IR-related dependance
of BSA SRS spectra in solution (Figure 4.4) as well as evidence from others (36,37,49) reinforce that
thermally-mediated changes in protein dynamics are not major contributors in the CH stretch region of the
Raman spectrum. As such, we conclude protein signal contributes minimally to the photothermal mediated
SRS changes that would be expected during INS. Others have attributed relative decreases in 2930 cm™
signal to changes in cellular membrane potential, enabling the visualization of neuronal action potentials
with SRS microscopy (18,32). These spectral changes were attributed to the decrease in positively-charge
proteins electrostatically accumulating at the extracellular membrane surface when a cell is at its resting
membrane potential. A reduction in membrane potential was suspected to reduce membrane-associated
proteins in solution at the cell membrane surface. Our results show a considerable reduction in relative
2930-2940 cm signal during INS (Figure 4.8B), thus electrostatic association of soluble proteins with cell

surfaces may play some role in our results. Several experimental details suggest that membrane potential
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changes from electrostatic protein association would not be contributing to our spectra. Defocusing artifacts
make it difficult to obtain conclusions about absolute molecular concentrations during INS (Figure 4.7A-
C). Practically, our approach to region of interest selection, non-balanced detection, and imaging medium
formulation confounds any comparability of our results with these previous studies. However, Lee et al.
did employ a similar time-resolved approach for acquiring SRS spectra as a function of membrane potential
— demonstrating the utility of such an approach for certain types of experiments beyond photothermal

phenomena.

The physical changes in the lipid bilayer during rapid heating with IR light are thought to give rise
— at least in part — to the cell capacitance increase that drives cellular depolarization during INS(2,3). Our
results (Figure 4.8) support the idea that the lipid bilayer undergoes some thermally mediated chemo-
physical change during INS that is observable via vibrational imaging and correlate with the level of
delivered stimulus. While these findings are promising, they do not definitively support that bilayer
deformation is directly causal to the stimulatory effect of INS. Though beyond the scope of this work,
guestions remain about how transmembrane ion channels may be independently sensitive to lipid membrane
geometry and thermodynamics. Lipid thermodynamics are known to affect the conformational and
functional properties of transmembrane ion channels (50-53). It is not clear whether the capacitive effect
or the actual physical change in the lipid bilayers themselves give rise to stimulatory phenomenon. It is
difficult to decouple chemo-physical and thermal electrodynamic changes in biologically relevant
preparations. A preparation of lipid vesicles or cells expressing voltage gated ion channels loaded with a
UV photo-switchable lipid analogue (e.g., containing an azobenzene moiety in the tail group) may be a
useful experiment. The photo-switching property of such synthetic lipids would allow for optical control of

membrane packing order with substantially reduced photothermal effects.

The current hypothesis for how INS occurs is that rapid heating causes a capacitive inward current
that can depolarize neurons and lead to action potential generation (2). This capacitive current is thought to
arise from biophysical changes within the extracellular membrane — namely trans-gauche isomerization of
lipid acyl tail chains —that change the physical dimensions of the extracellular membrane due to temperature
elevations (3). This deformation is accompanied by a movement of membrane-associated charge that —
when hot and fast enough — can generate an inward current that depolarizes cells. The model of this
phenomenon relies on steady-state chemical assessments of synthetic lipid bilayer geometry (54,55). The
changes in bilayer geometry are used to inform a computational electrodynamic model that is compared
against previous experimental work (2,38). While the model of chemo-physical and electrodynamic
phenomena convincingly reproduces experimental data, capacitance changes and cellular electrodynamics

are ultimately influenced by more than lipid dynamics alone in vitro and in vivo. Our work here provides
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direct evidence that lipid membrane dynamics are actively changing during INS in neural cells in vitro. The
causality of this phenomena remains to be proven. But the insight provided by our work shows how lipid
membrane dynamics can be leveraged to selectively modulate cellular physiology.

Our SRS spectral observations are supported by an additional gold standard means of measuring
lipid dynamics in real-time — ratiometric fluorescence of a lipophilic dye, di-4-ANNEPS (Figure 4.10,
Figure 4.5). The negative changes in GP during INS affirm the decrease in membrane packing order
observed with hsSRS. The magnitude of the changes in GP scaled with the level of stimulus delivered
(Figure 4.10B&C). The data further suggests that hsSRS can be leveraged as a complementary tool to
study lipid biophysics alongside traditional fluorescence approaches. Others have applied hsSRS to observe
lipid biophysics in synthetic preparations (16,17), or to study lipid metabolism at the biomolecular level
(56,57). Stimulated Raman microscopy has not previously been applied to the study of biophysical
thermodynamics at sub-second timescales. Our work explores a temporal regime of live cell biophysics that
few have ventured into with SRS. This work provides a practical extension to the existing work around

hsSRS development while shedding light on a question pertinent to the field of optical neuromodulation.

While the implementation of hsSRS here can resolve high speed spectral dynamics well below a
second, it does take several minutes to build observations of events on a spectral basis. In situations where
repeated perturbation of cells is not practical, the same approach can be implemented with a drastically
reduced number of spectral channels. Alternatively, multispectral approaches leveraging simultaneous
acquisition of multiple resonances would be advantageous. To account for the defocusing artifacts
described here, at least two spectral channels need to be acquired to accurately draw conclusions — thus
single-shot perturbations are not readily applicable with the demonstrated approach here. The fast rates of
development in bioimaging with SRS show promise in pushing SRS based imaging methods to their limits.
Our work shows that hsSRS can be applied to a range of lipid biophysics experiments as a complement to
more conventional fluorescence-based approaches. In contrast to fluorescence-based approaches that rely
on indirect readout from reporter molecules interacting with lipids in the cell membrane, vibrational contrast
like that of hsSRS enables direct inference to be made specific to lipids at the intra- and intermolecular
levels. As technology in coherent Raman imaging continues to improve with better lasers, detectors, and
signal processing strategies, we can expect to see extensions of hsSRS to address many other areas of lipid
biophysics and beyond. Currently, signal to noise limits the real-time performance of hsSRS in the
fingerprint region of the Raman spectrum (400-1700 cm™). In future studies we propose to study the
fingerprint region which provides more information about other biomolecules, such as DNA, RNA, and
carbohydrates, which can be used to study macromolecular phase separation phenomena, chromatin

dynamics, or glycogen metabolism directly without exogenous labeling. Furthermore, coherent Raman

89



imaging can be readily performed simultaneously with other nonlinear microscopy modalities (22).
Multiplexing modalities might enable studies into how lipid membrane biophysics can influence biological
dynamics with conventionally accepted molecular reporters. With this in mind, hsSRS has promising
potential for a diverse range of bioimaging applications.

Alternative approaches utilizing deuterated lipid preparations to shift lipid-specific resonances into
the “silent window” of the Raman spectrum (1700-2700 cm) may offer additional insight into the role of
vinyl C-D resonances in the biophysics of INS (12,58-60). However, the applications of deuterated lipids
may not be easily replicable in live cells as it can interfere with the hydrogen bonding dynamics crucial to
cell membrane integrity. Currently, fast implementation of hsSRS is technically hampered by the signal-to-
noise performance in the fingerprint window of the Raman spectrum (400-1700 cm). Utilizing other
features of the Raman spectrum that are more directly attributed to lipid tail chain rotoisomerization (e.g.
the skeletal vibrational C-C modes between 1030 and 1150 cm?, as well as C=C stretching modes around
1650 cm) might provide more direct mechanistic insight to INS once possible (44). Some promising newer
spectroscopic and computational denoising methods that circumvent these noise issues are gaining
popularity, but still require careful validation for high-speed imaging of cellular dynamics (61-64).
Ongoing work continues to improve the technical capabilities of SRS such that real time imaging of
fingerprint spectral features within live cells may be possible. Coherent anti-Stokes Raman scattering, or
CARS - a similar contrast modality to SRS — has achieved considerably fast imaging throughput at high
spectral resolution over the span of the CARS spectrum (5ms/px dwell times over >3000 cm™* bandwidth)
(61,65). While this approach was too slow for spatially resolving cellular dynamics in real time for our
study, broadband CARS approaches may be suitable for numerous other biological applications with

different instrument performance needs.

Though the data presented here offer support for the involvement of lipid dynamics in INS, it needs
to be noted that focus precompensation and hsSRS does not readily show the absolute magnitude of
deformation in the cell membrane during INS. With a molecular dynamic model of INS biophysics, simple
bilayer geometry simulations may enable some degree of calibration to correlate observed hsSRS spectra
with lipid bilayer physical properties. Without clear approximations of lipid bilayer physical or electrical
properties, it becomes difficult to judge or estimate the cell capacitance changes postulated to depolarize
cells from SRS data alone. Integrating voltage imaging or electrophysiology alongside our existing hsSRS
experimental preparation may be helpful in identifying a relationship between lipid dynamics and
capacitance. Imaging systems with framerates exceeding 1 kHz can provide a window into these dynamics
— however we were unable to reach such high framerates with our system without damaging cells. More

generally, our results provide supportive evidence of the role lipids play in INS however, the data does not
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show a causal relationship between lipid dynamics and INS. Further, our imaging approach does not
differentiate between extracellular membranes and intracellular organelle membranes. Transmembrane
protein sensitivity to INS phenomena is still not clear, though it is known that different molecular pathways
can be actuated depending on cell phenotype (20,21,66-70). Despite these caveats, the provided data
clearly demonstrates that lipid bilayer dynamics are changing during INS and these changes track with
magnitude of stimulus. These results provide validation of the current mechanism’s key assumptions in a
live neural cell model. The understanding of this concept serves as a crucial basis for understanding of label
free neuromodulation more broadly. Further, the general experimental framework presented here is readily
applicable to other methods of directed energy neuromodulation as well as in the study of other dynamic

processes.

The mechanistic basis of directed energy label-free neuromodulation has long been a question
lacking complete answers (71,72). Having a better understanding of how directed energy in the optical
domain can be used to modulate brain function opens the door for innovation in neuromodulation to
improve spatial targeting, temporal accuracy, and long-term utility, optically or otherwise. Extending these
understandings to the development of new neuromodulation methods, neural prostheses, and therapeutic
interventions provides a promising outlook for directed energy approaches. Whether the mechanistic basis
for methods of directed energy neuromodulation, such as infrared, ultrasonic, or radio frequency-based
approaches, are shared remains to be demonstrated. Our approach may serve as a valuable benchmark for
answering such questions in the future as technology in neuromodulation and hsSRS imaging continues to

develop.

4.6 Conclusion

We have used hsSRS to experimentally demonstrate the mechanistic involvement of lipid dynamics
in INS in live neural cells. Our results provide direct supportive evidence of lipid bilayer structural changes
related to thermally induced trans-gauche isomerization of lipid tail hydrocarbon chains during INS. These
experimental observations are in line with the currently proposed mechanistic model of INS. The
implications from our results reinforce the idea that the photothermal basis of INS may be driving a general,
nonspecific effect in live cells that evokes a multitude of physiological responses. The experimental
framework also highlights the utility of hsSRS microscopy in addressing questions with high temporal
resolution requirements and will continue to provide fruitful information about live cell biophysics beyond

neuromodulation.
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CHAPTER 5:

STIMULATION OF WATER AND CALCIUM DYNAMICS IN ASTROCYTES WITH PULSED
INFRARED LIGHT

Text adapted from:

Ana | Borrachero-Conejo*, Wilson R Adams*, Emanuela Saracino, Maria Grazia Mola, Manging Wang,
Tamara Posati, Francesco Formaggio, Manuela De Bellis, Antonio Frigeri, Marco Caprini, Mark R.
Hutchinson, Michele Muccini, Roberto Zamboni, Grazia Paola Nicchia, Anita Mahadevan-Jansen,
Valentina Benfenati. Stimulation of water and calcium dynamics in astrocytes with pulsed infrared light.
The FASEB Journal. 23 March 2020. https://doi.org/10.1096/].201903049R

*Shared first authorship

5.1 Abstract

Astrocytes are non-neuronal cells that govern the homeostatic regulation of the brain through ions
and water transport, and Ca?*-mediated signaling. As they are tightly integrated into neural networks, label-
free tools that can modulate cell function are needed to evaluate the role of astrocytes in brain physiology
and dysfunction. Using live-cell fluorescence imaging, pharmacology, electrophysiology, and genetic
manipulation, we show that pulsed infrared light can modulate astrocyte function through changes in
intracellular Ca?* and water dynamics, providing unique mechanistic insight into the effect of pulsed
infrared laser light on astroglial cells. Water transport is activated and, IP3R, TRPALl, TRPV4 and
Aqguaporin-4 (AQP4) are all involved in shaping the dynamics of infrared pulse-evoked intracellular
calcium signal. These results demonstrate that astrocyte function can be modulated with infrared light. We
expect that targeted control over calcium dynamics and water transport will help to study the crucial role

of astrocytes in edema, ischemia, glioma progression, stroke, and epilepsy.

5.2 Introduction

The ability of the brain to receive and process information is critically dependent on regulation
operated by non-neuronal cells called astrocytes (1, 2). Astrocytes sense variation of extracellular milieu
composition that occur in the extracellular environment during and following neuronal activity. These
variations trigger selective activation of transmembrane receptors and channels leading to ion, water, and
Ca2+ fluxes amongst others across the cell membrane. The latter membrane dynamics can orchestrate
processes such as energetic delivery, vascular activity, and even immune responses depending on the
stimulus (1, 3, 4).
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Various receptors and channels have been implicated in the mechanisms of astrocytes. Among
others, plasma membrane cation channels belonging to the Transient Receptor Potential (TRP) superfamily
have been shown to play a critical role in regulating homeostatic intracellular calcium ([Ca2+]i) signaling
in astroglia (5-12). Water transport and distribution is facilitated by the water channel aquaporin-4 (AQP4)
(8, 12-14). Together, TRP Vanilloid 4 (TRPV4) channels in conjunction with AQP4 are critical in
controlling ion and water dynamics, thus driving regulatory volume mechanisms as shown in primary
astrocytes (12, 15) and the retina in situ (14, 16). Dysfunction in this TRPV4-AQP4 cooperation causes
brain swelling, most notably in ischemia, epilepsy and brain tumors, proving the importance of astrocytes

in the homeostatic mechanism for normal brain physiology (13, 17, 18).

The narrow set of tools currently available to modulate ion fluxes, water dynamics, and numerous
receptors and channels expressed in astrocytes have limited our ability to effectively study their importance
in healthy and pathological brain function. Methods to study astrocytic processes have been confined to
conventional pharmacology, genetic manipulation, fluorescence imaging of molecular sensors, and
electrophysiology (3, 6, 12, 15, 19-21). Optical tools can provide precise, fast, label-free control of ions
and water dynamics to study the cellular and molecular mechanisms of astrocytes function and to potentially
treat dysfunction. However, despite recent advances in optogenetics approaches and optoelectronics device
to study neurons (22, 23), there is a continued need for reliable methods for label-free control of ion flux
and water dynamics in astrocytes (24—26).

Infrared stimulation is a label-free approach that can modulate neural activity in cells and tissues
by transient delivery of pulsed infrared laser light (27-31). Mechanistically, infrared stimulation has been
shown to rely on a transient spatial and temporal thermal gradient for neuronal depolarization and action
potential initiation in the peripheral and central nervous system (32-34). Studies have also demonstrated
the ability of infrared stimulation to modulate processes in different cells. However, the biophysical
mechanisms by which this method modulates cells and tissues is not fully understood (32). Nonetheless,
the direct effect of pulsed infrared light on non-neuronal cells such as astrocytes has not been previously

reported.

The goal of this paper then is to study the effect of pulsed infrared light on astrocytes and to
understand the mechanisms by which astrocytes may be modulated. Results show that infrared stimulation
can drive Ca2+ dynamics, trigger water transport, and cell volume changes in rodent astrocytes. Based on
our observations of the activation of TRP channels, Inositol-3-Phosphate Receptor (IP3R) and AQP4, we
propose the molecular mechanisms by which astrocytes are modulated with infrared light. These findings

suggest that infrared stimulation offers a transformative approach to study astrocytic homeostatic regulation
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and to study glial involvement in normal and diseased brain physiology as well as in the clinical care of
brain disease.
5.3 Materials and Methods

5.3.1 Rat cortical astrocyte culture preparation, maintenance and plating
Primary astroglial cultures were prepared at the University of Bologna (UNIBO) and at the

University of Bari (UNIBA), in concordance with the Italian and European law of protection of laboratory
animals, with the approval of the local bioethical committee and under the supervision of the veterinary
commission for animal care and comfort of UNIBO and UNIBA, with approved protocol from lItalian
Ministry of Health (no 360/2017 PR for UNIBO and 710/2017-PR for UNIBA). Astrocytes primary culture
were prepared as described previously (3, 6, 12).

In brief, primary cultures of astrocytes were prepared from newborns of Rattus Norvegicus Wistar.
Neural cortices were placed in cell culture flasks containing Dulbecco’s Modified Eagle-glutamax medium
with 15% fetal bovine serum (FBS) and penicillin/streptomycin (100 U/mL and 100 Ig/mL, respectively).
Cells were maintained in incubation at 37°C and 5% of CO2 and 95% relative humidity levels for three
weeks prior to experimentation. Cells were used between days 21 and 35 in vitro for experiments after re-
plating. AQP4 KO (-/-) pups with a CD21 genetic background and aged-matched controls were used for
preparation of primary cortical astrocytes as described previously (35). Primary astrocytes were plated on
Glass coverslips coated with Poly-D-lysine (PDL) and uncoated hydrotalcite (HTIc) (36) samples and
experiments were performed 48-72h after re-plating. Astrocytes were plated at a high density for calcium
imaging and calcium quenching experiments. For single cell patch-clamp experiments cells were seeded at

a low density.

5.3.2 Pulsed Infrared Laser Stimulation
To explore the effect of pulsed infrared light on astrocytes, an inverted epifluorescence microscope

was fitted with a multimode fiber attached to a micromanipulator (Sutter Inc), ensuring tight control of
optical fiber positioning at close proximity (230-250 um) to primary astrocytes plated on a glass coverslip
(Figure 5.1A-B). Laser light at 1875 nm from a pulsed diode laser (Capella, Lockheed Martin Aculight,
Bothell, WA) was coupled to the fiber. The pulse duration was set to 8 ms which was calculated to be ~3
J/lcm2 at the sample plane and was delivered 30s after the beginning of the experiment. The infrared laser
output was estimated to be located ~240 pum from the center of the optical fiber face at a 45° angle to the
cell-coverslip plane (Figure 5.1B). For pharmacological characterization of astrocyte responses, an
exposure to elicit a target activation probability of 0.8 was used as a baseline for comparison across all

experiments.

99



5.3.3 Transfection with SiRNA
SiRNA transfection was performed using Lipofectamine RNAIMAX and Opti-MEM according to

manufacturer instructions (Invitrogen) and to protocols previously described (12). Briefly, Stealth RNAI
siRNA select RNAi (ID RSS330373, designated “number 9”) that respectively target nucleotides 1201—
1225, of rat TRPV4 (GenBank accession no. NM_023970.1) were purchased from Invitrogen. Transfection
was performed on two-three weeks-old primary rat astrocytes using Lipofectamine RNAIMAX and Opti-
MEM I reduced serum medium according to the manufacturer’s instructions (Invitrogen). The day before
transfection, astrocytes were cultured using DMEM with 10% FBS without antibiotics. The final
concentrations were 50 nM for the selected RNAi or scrambled control and 10 pL for Lipofectamine
RNAIMAX in a 60-mm culture vessel. After 24h the medium was replaced with complete 10% FBS DMEM
containing penicillin/streptomycin (100 U/mL and 100 pg/ mL, respectively) medium. Transfection
efficiency was verified using a BLOCK-iT Alexa Fluor Red Fluorescent Oligo that is not homologous to
any known genes. Five days after transfection we performed calcium imaging experiments as described

above.

5.3.4 Calcium Imaging
Changes in intracellular Ca?* concentration ([Ca2*]i) were monitored by calcium imaging using the

single-wavelength Ca?* indicator Fluo-4-AM (Life Technologies). Experiments were performed 48h after
cell plating. Astrocytes plated in glass+PDL and HTlc samples were incubated at room temperature for 45
min to 1h with Fluo-4-AM (1 uM) dissolved in control saline solution. Measurements of [Ca?']i were
performed by using an epifluorescence microscope (Nikon Eclipse Ti-S) equipped with long-distance dry
objective (40x, 0.4NA) and standard filters for GFP fluorescence. The excitation wavelength was 470nm,
filtered from a broadband LED light source. Light pulse durations were set to 200ms, while camera
exposure times were set to 100ms with a sampling rate of 2Hz. Data acquisition was controlled by

MetaFIluor software (Molecular Devices, Sunnyvale, CA, USA) or NIS Elements (Nikon Imaging Systems).

5.3.5 Electrophysiology
Current recordings were obtained with the whole-cell configuration of the patch-clamp technique

as described previously (6). Patch pipettes were prepared from thin-walled borosilicate glass capillaries to
obtain a tip resistance of 2-4 MQ when filled with the standard internal solution. Membrane currents were
amplified, filtered at 2 kHz and acquired at a sample rate of 5 kHz by Axopatch 200B amplifier in voltage-
clamp mode. Responses were amplified, low-pass filtered at 1 kHz, digitised at 20 kHz, stored and analysed
with pCLAMP 10. Liquid junction potential (7 mV) was calculated and corrected off-line; voltages
indicated are those relative to the real transmembrane potentials. Experiments were carried out at room
temperature (22-24 °C). When necessary, current values were plotted as current densities calculated by

dividing the current values measured at each membrane potential by the cell capacitance obtained by the
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correction of the capacitive transient of the recorded cells by means of the digital circuit of the patch-clamp
amplifier. To investigate whether astrocytic TRPV4 conductance was altered by INS, we performed whole-
cell patch-clamp experiments, according to protocols described previously (6, 7) by holding the membrane
potential (Vh) at 7 mV and stimulating the cells with a 400-ms-long step potential to -87 mV, followed by
a voltage ramp from -87 mV to 73 mV for 600 ms. Potassium (K+) in the intra- and extra-cellular saline
were replaced by cesium (Cs+) to isolate TRPV4 conductance from voltage-gated K+ currents expressed
by astrocytes in vitro and in situ. Moreover, intracellular CI- was partially replaced by gluconate to change
reversal potential of Cl- and to distinguish chloride currents from cationic ones. The outward rectification
profile, known to be dependent by [Ca2+]o, caused by Ca2+ blockage at membrane potentials negative to
the reversal potential (Erev) was prevented by using 2mM [Ca2+]o. INS pulse was delivered when current

profiles reached the steady-state.

5.3.6 Calcein self-guenching image acquisition
Changes in cell volume were assessed using calcein fluorescence quenching as described previously

(15, 18). Experiments were performed 48-72h after cell re-plating. Astrocytes were loaded with Calcein-
AM (10 uM) (Life Technologies, USA) dissolved in standard bath solution and they were incubated for 30
min at room temperature. Image acquisition was controlled by the NIS Elements (Nikon Imaging Systems)
on a Nikon TI-Eclipse inverted epifluorescence microscope (Nikon Instruments). The excitation
wavelength used was 470 nm filtered from a broadband source and fluorescence from calcein was filtered
through a standard GFP filter cube (Nikon Instruments). Cells were imaged through a 20X/0.7NA air
objective (Nikon) with a SCMOS camera (Hammamatsu Orca Flash 4.0). Camera exposure time of 10 ms

and a sampling rate of 5Hz was employed.

Image processing and analysis were done in FIJI (37) and Matlab (Natick, MA, USA). Time course
fluorescence data were analyzed with Prism (Graph Pad, San Diego, CA, USA) software. For each
experimental curve, the time constant of cell swelling or shrinkage phase was obtained by fitting the data
with an exponential function and a time constant calculated (18). Further details surrounding data analysis

can be found in Supplemental Information.

5.3.7 Solutions and chemicals
Calcium imaging and calcein self-quenching analyses the control saline bath solution, named as

control (CTRL) was composed of (mM): 140 NaCl, 4 KCI, 2 MgCl, 2 CaCl,, 10 HEPES, 5 glucose, pH
7.4 with NaOH and osmolarity adjusted to ~318 mOsm with mannitol. Ca?*-free extracellular solution (0
[Ca*]ou) contained (mMM) 140 NaCl, 4 KCI, 4MgCl,, 10 HEPES, 0.5 EGTA, pH 7.4 with NaOH and
osmolarity adjusted to ~318 mOsm with mannitol. For electrophysiological experiments the standard bath
saline was (mM) 140 NaCl, 4 KCI, 2 MgCI2, 2 CaCl2, 10 Hepes, 5 glucose, pH 7.4 with NaOH and
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osmolarity adjusted to 315 mOsm with mannitol. In order to eliminate potassium currents, K* was omitted
by extracellular solution and pipette solutions was replaced with cesium (Cs). The intracellular (pipette)
solution was composed of (mM): 100 Cs gluconate, 26 CsCl2, 2 MgClI2, 1 EGTA, 10 TES, pH 7.2 with
CsOH and osmolarity 300 mOsm with mannitol.

Salts and chemicals used to prepare physiological solutions were the highest purity grade and
obtained from Sigma (Milan, Italy). For details on the compositions of solutions and stock solutions of

chemicals preparations see Supplementary Information.

5.3.8 Data analysis, representation and statistics
All data are expressed as mean of several cells (n) £ SEM. Statistical comparison of metrics is

performed with a 2-sided student’s T-test unless otherwise noted. A p-value < 0.05 was considered

statistically significant. All analyses were performed in Matlab.

1.5.3.8Calcium imaging analysis, representation and statistics
Calcium imaging: on the basis of previous studies (1,5) , considering the consistency of the results

obtained in previous works using the same culture preparation, we determinate that a minimum number of
4 recordings (n value) from 3 different animals with 2 replicates (coverslips) can be considered significant
sample size to determine the response of astrocytes to INS and for the pharmacological manipulation.
Accordingly, each cell culture preparation was prepared from one different newborns animal and each
calcium imaging recording was considered as n (N). For each experimental condition a set of at least 2
different coverslips from each cell culture preparation were tested. For patch clamp experiments, a
minimum of 10 cells recorded with the same ionic condition were considered significant sample size for
testing the response to INS, and 4 when pharmacology was used TRP pharmacology (1,5). Somatic cellular
fluorescence time series were manually extracted in both Metafluor (Molecular Devices, Sunnyvale, CA,
USA) and with a custom-written FIJI script to accelerate data extraction. Extracted data was imported into
analysis in MATLAB (Mathworks, Natick, MA, USA), where raw fluorescence traces are aligned relative
to INS pulse delivery, normalized, and processed to extract different calcium response metrics. Alignment
of traces relative to INS pulse delivery were performed by locating the peak second derivative for
fluorescence intensity as a function of time for each imaging experiment’s average time series. Defocusing
due to the transient heating of the INS pulse delivery yields a sharp transient decrease in observed intensity
for each image, with resulted in a relatively high peak in the fluorescence time series second derivative.
Time series data for each cell was subsequently truncated to 5 seconds prior to INS exposure for analysis
purposes. Each cell’s raw fluorescence intensity was normalized with respect to the mean raw intensity of

the 10 frames prior to IR exposure, which are reported and analyzed as fractions (dF/F).
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Quantitative metrics extracted from each cell’s time series trace included maximum change in
relative fluorescence, elapsed time to peak fluorescence intensity, the full-width half-maximum of each
cells response, and the numerically integrated area of each cell’s response. A cell was deemed ‘activated’
if a 5% increase in normalized calcium fluorescence within 20 seconds of IR exposure. The fraction of
activated cells relative to the total number of cells observed is reported as ‘activation fraction’ or ‘fraction
of responding cells. Statistical comparison of metrics is performed with a 2-sided student’s T-test unless
otherwise noted. Error bars reported are standard error of the mean (SEM) response between cells unless
otherwise denoted. Plotting was performed in MATLAB with the ‘superbar’ package and native plotting
functions. FI1JI scripts for data compression / extraction as well as MATLAB processing scripts are available

upon request.

2.5.3.8Calcein imaging data analysis
Cells were selected, and time series were extracted through a custom FIJI script. Time series for

each cell were imported into MATLAB for processing and analysis. Low-frequency fluorescence
background subtraction from each time series was achieved by fitting a 6th-order polynomial function the
time series points outside of our region of interest. Our determined area of interest was 5 frames prior to
INS stimulus and 350 after stimulus. The initial 50 frames of data were excluded to avoid skewed fits due
to initial photobleaching artifacts. We found that the 6th-order polynomial best accounted for
photobleaching inconsistencies that arise from preparing each field of view for observation (e.g. fiber
placement). Relative changes in calcein fluorescence due to INS exposure were calculated by dividing the
difference of corrected fluorescence intensity 2 seconds (10 frames) prior to and following INS exposure
by the pre-stimulated fluorescence intensity (dF/F). Negative changes in fluorescence indicate decreases in
fluorescence intensity after INS exposure. Mean time traces are reported for each experimental condition

as the central tendencies of observed responses, unless otherwise noted.

3.5.3.8Electrophysiology Data Analysis
Electrophysiological data are expressed as meanz+ standard error mean (SEM) of several cells (n)

in the various conditions. The statistical analysis was performed with two-tailed Student’s t-test and a P-
value 0.05 was taken as statistically significant. Steady state current density in response to ramp currents
was calculated before and after the INS stimulation. Maximal current increase (pA/pF) is reported as the
ratio of the maximal current density observed after INS at -87 mV and + 73 mV, divided by the current

density recorded at the same voltages at the steady state before the stimulus.

5.4 Results and Discussion

5.4.1 Infrared pulsed stimulation evokes calcium signaling in primary astrocytes
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To evaluate whether pulsed infrared light can modulate astrocytes, cortical primary rat astrocytes were

plated on glass coverslips coated with Poly-D-lysine (PDL) and placed under an inverted fluorescence
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Figure 5.1. Pulsed infrared light can stimulate calcium imaging in cultured astrocytes
(A) Schematic representation of the experimental set-up for stimulation of astrocyte -(1875 nm). (B)
To-scale illustration of fiber placement in proximity of cells during the experiments. (C)
Representative trace depicting the normalized variation in cell fluorescence over time (dF/F) that
reflects variation in [Ca?*]i. Red dashed line marks the timepoint at which laser pulse was delivered.
Inset. Fluorescent images of Fluo-4-AM loaded astrocytes captured before the stimulation (1, t=0s)
and at the peak of fluorescence after stimulation (2, t=12s), scale bar is 40 um. (D) Activation
probability (P) as a function of radiant exposure delivered to rat astrocytes.
microscope while delivering 8 ms pulsed infrared light (A=1875nm) using an optical fiber placed close to
the cell from above as shown in Figure 5.1. The astrocytes were loaded with the calcium indicator Fluo-
4-AM (2 uM) and calcium imaging was used to study the resulting cell dynamics. Changes in fluorescence
intensity (dF/F) were directly related to intracellular levels of free Ca2+ ([Ca2+]i) in the cell soma. The
observed responses were characterized by a rapid increase in [Ca2+]i that reached its peak intensity

~6.91+1.12 s (Tpeak) and had a duration (T1/2, reported as full-width half-maximum times) of 9.39+1.64

104



s, followed by a recovery of fluorescence to near initial baseline levels after 120s (Figure 5.1C). The time
course of dF/F response of an individual cell were consistent across the cells observed with an average
maximum fluorescence of 1.28 + 0.02. The activation probability (P), or the fraction of cells responding to
infrared light, was found to be dependent on radiant exposure (J/cm2) with a 50% activation probability
occurring at 14.31 J/cm2 at the tip of the fiber (

Figure 5.1D), which translates to approximately 3 J/cm2 at the cell surface. Radiant exposures targeting

an activation fraction of 0.8 was selected for the rest of the experiments described. We have performed

A No Stimulation B ~15 J/cm?

0.01% Tween-20

Figure 5.2: Cell damage with IR occurs above threshold levels of stimulation

Fluorescence images of primary rat astrocyte cultures in a solution containing 5uM Propidium lodide
(P1) captured A) before IR stimulation, B) after near threshold IR stimulation (~15 J/cm? ex fiber), C)
over threshold (~20 J/cm? ex fiber) IR stimulation, and D) treatment with 0.01% Tween-20 detergent
solution for 5 minutes that permeabilize the cell plasma membrane, causing cell death.
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experiments to verify astrocytic viability during IR stimulation by assessing extracellular membrane
integrity with propidium iodide (PI) uptake. By exposing cells to IR in the presence of Pl-containing
solution, positively stained cell nuclei would indicate extracellular membrane disruption by the IR pulse.
Unstimulated (Figure 5.2A) and threshold-stimulated cells (Figure 5.2B) showed negligible levels of PI
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Figure 5.3. Pharmacology of the [Ca?]i response of astrocytes to infrared light

(A) Representative traces of experiments performed using extracellular standard solution (black, CTRL),
extracellular solution not-containing Ca?* (0[Ca?*], green trace) and by adding TPEN (2mM, orange
trace), 2-APB (100 uM, blue trace) or CBX (50 uM, violet trace) to the CTRL saline. (B-C) Histogram
plots depicting the averaged maximal dF/F (B) and activation probability (C) calculated for CTRL
saline and 0[Ca?*], solution (green columns), CTRL and CTRL+TPEN (orange columns), CTRL and
CTRL+2-APB (blue columns), CTRL and CTRL+CBX (purple columns). D)Representative traces of
experiments performed in CTRL saline (black), and CTRL+ Ruthenium Red (RR, 10 uM, red trace),
CTRL+RN-1734 (10 pM, dark blue trace), CTRL+HC-030031 (40 uM, yellow trace). E-F) Histogram
plots depicting the averaged maximal dF/F (E) and activation probability (F) calculated using CTRL
saline and CTRL+RR (10 puM, red columns), CTRL and CTRL+RN-1734 (10 pM, dark blue columns),
CTRL and CTRL+HC-030031 (40 uM, yellow columns). Data are reported as mean and SEM. Student’s
t-test, *: p<0,05; **: p<0,01; ***: p<0,001). Red dashed lines in A and D represent the time point at
which the pulsed infrared light was delivered. All experiment performed using primary rat cortical
astrocytes.
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fluorescence, within 5 minutes of IR stimulation. On the contrary, exposure to IR at almost higher power
(Figure 5.2C) and chemogenic permeabilization with a dilute detergent solution, 0.1% Tween-20 (Sigma-
Aldrich, St. Louis, MO, USA) (Figure 5.2D) display strong PI fluorescent signal. Collectively, these results
suggest that, within 5 minutes of IR stimulation, acute cellular damage is not a cause for concern at threshold
radiant exposures for astrocytic modulation.
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Figure 5.4: Calcium mobilization temporal dynamics

A) Histogram plot depicting the time to fluorescence peak calculated for each condition experiments
performed in CTRL saline and in saline non containing Ca?" (0[Ca?*]out , green columns), CTRL saline
and CTRL+TPEN (orange columns), CTRL saline and CTRL+2APB (blue columns), CTRL saline
and CTRL+CBX (violet columns). B) Response duration in experiments using CTRL saline and
0[Ca?*]out Solution (green columns), CTRL saline and CTRL+TPEN (orange columns), CTRL+ 2APB
(light blue columns), CTRL saline and CTRL+CBX (violet columns). C) Histogram plot depicting the
time to fluorescence peak value using control saline solution added with RR (10 puM, red columns),
RN1734 (10 uM, dark blue columns) and HC 030031 (40 puM, yellow columns). D) Histogram plot
depicting the duration of the response to INS using CTRL saline and CTRL saline solution added with
RR (10 pM, red columns), CTRL saline and CTRL saline +RN1734 (10 uM, dark blue columns),
CTRL saline and CTRL saline + HC 030031 (40 puM, yellow columns). All histogram plots represents
mean and error bars represent SEM. N= number of experiments; N=11 for CTRL and N=11 for
0[Ca?*]o; N=9 for CTRL and N=11 for CTRL+TPEN; N=8 for CTRL and N=9 for CTRL+2-APB,;
N=4 for CTRL and N=5 for CTRL+CBX; N=11 for CTRL and N=15 for CTRL+RR; N=10 for CTRL
and N=10 for CTRL+RN-1734; N=10 for CTRL and N=11 for CTRL+HC-030031; Student’s t-test,
*: p<0.05; **: p<0.01; ***: p<0.001).
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Pharmacological methods were used to isolate the basis of intracellular Ca?* rise observed with infrared
stimulation. All the results, expressed as mean £ SEM and statistic p-values (pval), are reported in Table
5.1. Application of intracellular Ca?* chelator (N,N,N’,N'-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine,
TPEN, 2mM) (38) (Table 5.1, Figure 5.3 and Figure 5.4) results in a significant reduction in activation
probability and peak dF/F followed by alterations in response dynamics. Application of 2-
Aminoethoxydiphenylborane (2-APB, 100 uM), an antagonist of Inositol-3-Phosphate (IPs) receptors
results in a near loss of the calcium response and a drastic reduction in activation probability. Substitution
of control saline solution (CTRL) with a Ca?*-free solution (0[Ca?'],, (Figure 5.3A-B) results in a
statistically significant decrease in dF/F and T1> and a decrease in the activation probability as well as <T peax
(Table 5.1, Figure 5.3, Figure 5.4) and shows that extracellular Ca?* influx is needed for the amplification
and maintenance of infrared-mediated [Ca?']; responses as well as the onset of Ca?* response. We found
that blocking gap junctions (essential for propagation of [Ca?*]; through the syncytium (35, 39) does not
alter the magnitude of [Ca?']i responses when compared to control, as observed with bath application of
Carbenoxolone (CBX) although the activation probability is significantly reduced. Collectively, our results
suggest that [Ca?*]i responses to pulsed infrared light are initiated by IPsR-dependent Ca?* release from
intracellular stores, sustained by [Ca?*], influx, and propagated across astroglia cellular networks through
gap junction (35).

These observations align with the response to infrared stimulation seen in sensory and hippocampal
neurons in vitro (40, 41). Pharmacology implicates IPsR as a primary pathway for the release of [Ca®]
from intracellular stores and is believed to be critical in numerous astrocytic functions (1, 2). Recent work
suggested that Ca?* release via IPsR activation is crucial for the release of signaling molecules from
astrocytes that mediate astrocyte-neuronal communication and influence long term potentiation in situ (2,
42). Thus, our results with an approach that can trigger IPsR pathways might offer the opportunity for

probing communication between neuronal and glial cells.

5.4.2 TRPV4 and TRPA1 mediate influx of calcium and whole-cell conductance changes with infrared
light

Using selective pharmacology and siRNA methodologies, the molecular basis for [Ca?*], influx
was evaluated. Thermally sensitive TRPV4 has been shown to be involved in the response of spiral,
vestibular, and dorsal root ganglion neurons to pulsed infrared light (43-45). Considering TRPV4’s role in
astrocyte physiology (6, 7, 14), we postulated that TRPV4 is involved in the Ca?" dynamics of astrocytes
during infrared stimulation. Results show that TRP superfamily member channels are broadly involved in

Ca?" influx. The magnitude of dF/F and activation probability is significantly reduced following the
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Figure 5.5. The role of TRPV4 in [Ca?"]; and whole-cell conductance changes IR stimulation
(A) Representative traces of [Ca?"]; dynamics recorded in astrocytes transfected with scrambled
siRNA and TRPV4 siRNA. Red dashed line represents the infrared stimulation time point. B-C) Bar
plots showing the averaged maximal dF/F (B) and activation probability (C) in astrocytes transfected
with scrambled siRNA (grey columns) and TRPV4 siRNA (blue columns). (D) Typical ramp current
traces stimulated with a voltage ramp protocol (Supplementary methods) recorded in saline solution
before (black trace) and at maximal current increase observed after pulsed infrared light (red trace).
Dashed line depicts the reversal potential (Ery) of the infrared stimulation-induced current. (E) Bar
plot of averaged maximal current density, recorded at -87 mV and +73 mV after infrared stimulation,
normalized with respect to the baseline current. Data were recorded in non-transfected primary rat
astrocytes, (ApA/pF=1.12+0.26 at +73mV; ApA/pF=1.66+0.19 at -87mV red columns, n=11), in
astrocytes transfected with scrambled siRNA, (ApA/pF=1.46+0.41 at +73 mV, ApA/pF=2.45+0.54 at
-87mV, grey columns, n=6) or with TRPV4siRNA (ApA/pF=0.98+0.05 at +73mV,
ApA/pF=1.03%0.05 at -87mV, blue columns, n=6, pval=0.016 Vs non transfected, pval=0.0101 Vs
Scrambled siRNA). The plot also reported the averaged data in cells transfected with scrambled
SiIRNA+40 uM HC-030031 (ApA/pF=1.06+0.06 at -87 mV, ApA/pF=0.79+0.2 at +73 mV green
columns, n=4, pval=0.04) and TRPV4siRNA+40uM HC-030031 (ApA/pF=0.60+0.21 at -87 mV,
ApA/pF=0.69+0.31 at +73 mV, white columns, n=4, pval=0.023). (Data are reported as mean and
SEM. Student’s t-test, n= number of cells, Student’s t-test, *: p<0,05; **: p<0,01). All experiment
performed using primary rat cortical astrocytes.

application of a broad-spectrum TRP channel antagonist, Ruthenium Red (RR, 10uM) (see Figure 5.3E-
F). Additionally, RR did not alter the dynamics of Ca?* responses, as Tpeak and T1, when using RR is
comparable to values in control saline (Figure 5.4C-D). In the presence of selective TRPV4 antagonist

RN1734 (RN, 10uM) (5), dF/F and activation probability were reduced but not eliminated, and it is not
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involved in shaping the response dynamics (Figure 5.4C-D). These findings indicate that TRPV4 is
important in the observed response but is not the sole intermediary to the process. With the addition of
HCO030031 - a TRP Ankirin-1 (TRPA1)-specific antagonist - the peak dF/F was significantly attenuated,
while Tpeak and Ta both increased (Figure 5.4C-D). On the other hand, activation probability was not
significantly altered (Figure 5.3D, F). These results support that TRPA1 also plays a role in the magnitude

and dynamics of the Ca?" responses.

Figure 5.5 shows the results obtained in astrocytes transfected with scrambled siRNA and TRPV4
siRNA. Western blot experiments and densitometric analysis, indicated that the transfection with TRPV4
SiIRNA causes 73% (£ 4%) of reduction of the band at 110 kDa, which correspond to the isoform that is
expressed in the membrane of astrocytes (46). Reduced expression of TRPV4 alter Ca?* responses with
infrared stimulation. Slight but significant differences were observed in the Tpeax (Figure 5.6A), while Ty
was significantly higher in TRPV4 knock down cells (Figure 5.6B). Both dF/F and activation probability
are significantly lower in these cells (Figure 5.5B-C). Using a whole-cell patch-clamp rig,
electrophysiology was also performed in transfected astrocytes as well as non-transfected cells (Figure
5.5D-E). The electrophysiological data further implicates the role of TRPV4, demonstrating that infrared-
induced cationic current increases are attenuated upon knocking down the expression of TRPV4. Cationic
currents are further abolished by additional blocking the function of TRPA1 (Figure 5.5E). Using saline
solution and stimulation protocols described previously (6, 7), we recorded ramp baseline currents (see
Methods for details) that changed polarity at positive potentials, consistently with a cation conductance
(Erev 22 £7mV, n=11). Exposure to pulsed infrared light induced a fast increase in ramp currents that reaches

its peak after 10s (Tpeak=9.8+2s). An increase in current density was detected at both positive and negative
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Figure 5.6: Effects of TRPV4 knockdown on IR-evoked calcium response dynamics

A) Histogram plot depicting the time to fluorescence peak calculated for astrocytes transfected with
scrambled siRNA (grey columns) and TRPV4 siRNA (brown columns). B) Response duration in
astrocytes transfected with scrambled siRNA (grey columns) and TRPV4 siRNA (brown columns). All
histogram plots represent mean and error bars represent SEM. (N=number of experiments; N=11 for
Scrambled siRNA and N=14 for TRPV4 siRNA) Student’s t-test, *: p<0.05; **: p<0.01; ***:
p<0.001).

potentials (Figure 5.5E, red columns) and reversed at voltages comparable with respect to controls (2110

mV). Astrocytes transfected with scrambled siRNA showed current responses similar in magnitude (

Figure 5.5E grey columns) and dynamics (T peak= 9.7+3s) to those observed in non-transfected cells.
Infrared-evoked current responses were negligible for both inward and outward currents in TRPV4 siRNA
astrocytes (Figure 5.5E, blue columns). The onset of the infrared evoked current was delayed in TRPV4
SIRNA (Tpeak=34%3s). Interestingly, the addition of HC-030031 (blocking TRPAL) decreased both inward
and outward current density changes elicited by infrared stimulation in scrambled siRNA (Figure 5.5E,
green columns) and nulled the residual responses in TRPV4 siRNA treated cells (Figure 5.5E, white
columns). Collectively, these results suggest that TRPV4 and TRPAL are both involved in mediating
astrocytic extracellular Ca?* influx and conductance increases in response to pulsed infrared light. The
notion that TRPA1 is critical for regulation of basal [Ca?']; in astrocytes in vitro and in situ (47) may account
for its involvement in the onset of the [Ca?"]i responses and the relative decrease in dF/F magnitude when
it is inhibited (Table 5.1, Figure 5.3E).

5.4.3 Water transport is triggered by infrared stimulation
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Given the partnership of TRP channels with aquaporin-4 (AQP4) in astrocytes (12), we
hypothesized that the activation of TRPV4 and TRPA1 may be related to AQP4 and related astrocytic cell
volume changes. To validate this hypothesis, astrocytes from wildtype (WT) mice and AQP4 knockout
(KO) mice were modulated with pulsed infrared light and compared. Calcium imaging results show that
AQP4 expression is critical to the magnitude and dynamics of the response of astrocytes to infrared
stimulation. When compared with WT, AQP4¢") astrocytes showed a decrease in both peak dF/F (Figure
5.7A-B) and activation probability (Figure 5.9C). Deletion of AQP4 caused a significantly delayed onset,
with a nearly 50% increase in Tpea (Figure 5.7C) and a prolonged T1> compared to WT astrocytes (Figure
5.9D). Accordingly, in differentiated astrocytes plated on nanostructured hydrotalcite (HTIc) films, where
AQP4 expression and water permeability are increased (36), the peak dF/F and activation probability were

increased with increased time to peak using infrared stimulation (Table 5.1, Figure 5.7, Figure 5.9).
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Figure 5.7. AQP4 expression is determinant for the dynamic of infrared-evoked calcium response
(A) Representative traces of calcium fluorescence recorded in astrocytes from WT (light grey trace) and
AQP4-KO (") mice (dark blue trace). (B-C) Histogram plots showing averaged maximal dF/F (B) and
time to peak (C) in astrocytes from WT (light grey columns) and AQP4-KO (") astrocytes (dark blue
columns). (D) Representative traces of calcium imaging experiments reporting dF/F dynamics
performed on rat astrocytes grown on PDL (black trace) and on HTlIc films (light blue trace). (E-F)
Histogram plots showing averaged maximal dF/F (E) and time to peak (F) in rat primary astrocytes
grown on PDL (grey columns) and HTIc films (light blue columns). All histogram plots represent mean
and error bars represent SEM. Student’s t-test, *: p<0,05; **: p<0,01; ***: p<0,001). Red dashed line in
A and D represents the timepoint where pulsed infrared light was delivered.

112



—— Swelling
—— Shrinkage

-5% ) +5%

Figure 5.8. Water permeability is triggered by infrared pulses in rat astrocytes

(A) Representative traces of calcein fluorescence recorded in rat astrocytes representing fluorescence
somatic response to an infrared pulse. Red dashed line represents the time point at which the pulse INS
was delivered. B) left panel: image of dF/F recorded one second before the laser pulse, center panel:
spatial map of fluorescence changes following infrared laser pulse exposure, merge of the images is
indicative of the spatial distribution of the response. Scale bars are 50 um.

Remarkably, by performing a calcein fluorescence self-quenching assay (18), we found that pulsed
infrared light consistently induced water transport resulting in swelling and shrinkage of primary rat cortical
astrocytes. Changes in cell volume appear in spatially distinct domains surrounding the site of stimulation.
Nearly 50% of calcein-loaded astrocytes (505 responding, 526 non-responding, n=1031 cells) showed
changes in levels of fluorescence immediately after the laser light was delivered (Figure 5.8A). About half
of responding cells (n=255) responded with decrease in fluorescence (shrinking), while the remaining
responded with fluorescence increase (swelling). Interestingly, the magnitude of swelling as demonstrated
by the increase in fluorescence (0.57+0.38%) was different from that of shrinkage i.e. the decrease in
fluorescence (-1.39+£1.01%). The time constant of cell swelling was faster (0.44+0.04) than that observed

for cell shrinkage (0.01+0.02).

The spatial map of change in fluorescence following infrared stimulation as shown in Figure 5.8B,

indicates that the cells directly under the fiber delivering infrared light shrunk in volume, while those
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Figure 5.9: IR-evoked response dynamics are sensitive to AQP4 expression

(A-B) Sequential fluorescent images obtained from Fluo-4-AM loaded rat cortical astrocytes plated
on HTlc. Images depicts fluorescent cells at time 0 (t=0), at the peak of fluorescence after INS
stimulation (t=10s), scale bars are 40 um. (C) Histogram plot showing percentage of responding cells
in WT mouse astrocytes (grey columns) and AQP4-KO () (blue columns). (D) Response duration
recorded in mouse WT (grey columns) and AQP4-KO (7) astrocytes (blue columns). (E) Histogram
plot showing percentage of responding cells primary rat astrocytes grown on glass + PDL (grey
columns) and HTIc (blue columns). (F) Response duration recorded in primary rat astrocytes grown
on glass + PDL (grey columns) and HTlc (Blue columns). All histogram plots represent mean and
error bars represent SEM. N=number of experiments; N=7 for WT; N=8 for AQP4(-/-); N=42 for
Glass+PDL; N=7 for HTlc; Student’s t-test, *: p<0.05; **: p<0.01; ***: p<0.001)
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stimulation induces both swelling and shrinkage in primary rat cortical astrocytes in spatially distinct
domains surrounding the site of stimulation. These changes suggest that homeostatic osmotic responses
may be triggered by this method.

5.4.4 Proposed mechanisms
Various hypothesis can be proposed to explain the mechanisms underlying the effect of pulsed

infrared light on astrocytes based on the experimental results described (Figure 5.10). Previous studies
suggest that in neurons, infrared stimulation initiates a mechano-electrical effect at the cell plasma
membrane, transiently modulating its thickness, capacitance, and its lipid bilayer structure (32, 34). If
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Figure 5.10. Possible mechanism underpinning the effects of infrared stimulation in astrocytes
Infrared pulse effects a thermal increase that can alter astroglial plasma membrane structure
(thickness, fluidity, permeability) or osmotic gradient, (1). The alteration can allow water fluxes
through the plasma-membrane (2a) and through AQP4 (2b). Cell volume changes and/or mechanical
membrane stress or incidental lipid release induced by infrared stimulation might activate TRPA1
(2a). Ca?* influx through TRPA1 can elicit Ca?* induced Ca?* release via IPsR (3). We hypothesize
that [Ca2*]i released via IP3R can bind TRPV4 and sensitize it to cell volume changes to initiate RVD
or RVI (4). Lastly, the Ca?* signal can travel through gap junctions to spread to neighboring cells (5).
Given that IP; pathway can also be activated by osmotic stress via the arachidonic acid path, we
cannot rule out that the formation of IPs is triggered directly by cell volume changes.
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direct gating of AQP4 by temperature rise is unlikely, the transient thermal gradient generated by infrared
stimulation may spatially alter the kinetic energy of the water molecules around and within the cell (48),
driving water transport through the cells. It is also possible that the laser light modulates the lipid bilayer
composition or fluidity in the extracellular membrane (49), thus initiating water transport and
swelling/shrinkage through AQP4-independent pathways. As a result, AQP4 may accelerate or add to an

already infrared-initiated event that increases swelling/shrinkage rate.

Previous studies report the activation of TRPV4 by infrared stimulation in spiral and
vestibular ganglion neuron (40, 43, 44). However, our data suggests that TRPV4 is not directly activated
by pulsed infrared light in astrocytes, but rather as a secondary response to some additional effector.
Function of TRPV4 is known to be dependent on osmotic stress (6, 12, 14), basal [Ca®"]i (6, 47), that in the
present case may be controlled in part by TRPAL or IPsR (50).

Given the known affinity and interaction between IP; and TRPV4 (50), it is possible that the
activation of TRPV4 that we observed is dependent by the production of IP; induced by osmotic stress or
by the increase in [Ca?*]i (51). Accordingly, pulses of infrared light activated phospholipase-C mediated
rises in [Ca?*]i HT22 mouse hippocampal neurons and U87 human glioblastoma cells, suggesting the
formation of IP3 (40). However, our results do not provide evidence for IP; production by IR light in
astrocytes, but only activation of IP3R by pulsed IR light.

Direct thermal activation of TRPAL is unlikely, as its debated thermal activation is prominently for
cold stimuli rather than warm (8, 47, 52). However, recent evidence suggested a direct activation of TRPA1
by transient heat induced by ultra-fast infrared laser pulse (53) — although the temperature-time dynamics
explored were quite different from those explored in this study. Interestingly, a recent study reported the
implication of TRPA1 in osmotic-induced Ca?* influx (52). While its activity and expression patterns is
modulated by membrane lipid surrounding environment (8) which might explain the role of TRPA1 during
infrared stimulation. In summary, we hypothesize that infrared stimulation induces transmembrane water
transport or alteration in lipid membrane composition which in turn activates TRPAL. This activation
initiates Ca®* entry, promoting Ca?* release via IPsR, increased in [Ca?']i might bind to TRPV4 and

sensitizes it to the cell volume changes triggered by pulsed infrared light (Figure 5.10).

5.5 Limitations

In this study, our experiments only addressed a narrow range of possible physiological responses
that infrared stimulation may be driving in astrocytes. As a cell that is integral to so many dynamic processes

in the brain, we cannot conclusively state that water transport and intracellular calcium dynamics are the
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only driving responses triggered in astrocytes. Further, our study only sought to understand acute astrocytic
responses to IR exposure. Chronic effects of IR exposure on astrocytes are actively being studied.
Nonetheless, our work provides a basis for how pulsed infrared light affects acute astrocyte physiology.

Activation of cortical astrocytes in conjunction with neuronal cells when using infrared stimulation
has been previously demonstrated in vivo (31). However, questions remained on whether this response is a
direct effect of this light on astrocytes or neurons with the other being affected indirectly. Here we show
that astrocytes respond to pulsed infrared light, suggesting that we must consider how astrocytes might be
affecting neuronal activity during infrared stimulation of the brain. On the other hand, previous studies have
shown that neurons also respond to infrared light. Thus, future studies using co-cultures and controlled
multicellular preparations must be conducted to evaluate the selectivity (or lack thereof) of this approach

in different cell types and their interplay.

The specificity of laser parameters needed to modulate specific cell types remains to be determined.
Moreover, our study only probed short, 8ms pulses of infrared light and delivered to a group of cells
primarily targeting the cell body. However, pulsed infrared light has been demonstrated using a wide range
of laser parameters (54). The spatial and temporal scale of calcium dynamics in astrocytes appears to vary
depending on the initiation of Ca?* signals in the cell body, processes, or endfeet (55, 56). By modifying
the illumination geometry of the fiber as well as varying laser parameters, spatially and temporally, we may
be able to trigger cellular or sub-cellular responses for tightly controlled multiscale probing and analyses

of astrocytic [Ca?*]; to study their function and dysfunction in various models.

5.6 Implications

Previous attempts from other groups to evoke astrocytic Ca?* responses with light in cell cultures
were only successful when used with cell-conjugated NIR-optimized plasmonic nanoparticles or label-free
with high-intensity ultrafast NIR laser pulses (57, 58). Practically, our method of stimulation offers a label
free, touchless strategy of glial and neural modulation - without exogenous effectors or genetic
modification. A recent study indicates that commonly used visible light illumination protocols increase the
temperature by 0.2-2°C and suppress spiking in multiple brain regions (59). Now, this work raises
guestions on the assumption that astrocyte functions are not altered by thermal or optical modulation such
as that used during two-photon imaging of calcium dynamics imaging in situ and in vivo, This calls for
detailed investigation of the impact of light on neural cell function. Regardless, infrared stimulation may
be a useful tool for studying astrocytic water and ionic dynamics and the effect of homeostasis, neuro-

vascular coupling and osmotic stress in healthy and pathological brain function.
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5.7 Conclusion

In conclusion, we have demonstrated for the first time that astrocytes can directly and dynamically
respond to pulsed infrared light. We provide clear and consistent evidence of the molecular mechanisms
initiating the response, as well as downstream effects that have a direct impact on physiologically relevant
astrocyte function. Specifically, we have i) characterized the initiation of Ca?* responses in astrocytes from
a label-free single 8ms pulse of infrared light in terms of [Ca?*]idynamics, whole-cell cationic conductance,
and water permeability, ii) identified specific molecular players that underpin the effect of infrared
stimulation on astroglial cells, highlighting that activation of IP:R, TRPA1, TRPV4 and AQP4 are all
involved in shaping the dynamics of infrared-evoked [Ca?']; activity, iii) demonstrated that infrared
stimulation is a valuable tool to study Ca?" and water dynamics as well as regulatory volume responses in
cultured astrocytes, which may be useful in studying these processes during homeostatic dysregulation or
exploring the effects of astrocyte activity on neuronal signaling. Such tools can probe the ionic and osmotic
dynamics of the brain on a cellular and whole-organ scale and modulate homeostatic function in astrocytes

at high spatial and temporal precision that would enable the study of healthy and diseased brain function.
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Table 5.1: Calcium imaging experiments: data and statistics.

Mean values, Standard Error Mean (SEM) and p values (pval) calculated for maximal increase in
fluorescence intensity (dF/F), time to peak (T*2), duration (d) and activation probability (P) for all
the experimental conditions tested. The table shows also the number of experiments (N) and number
of cells analysed for each experimental condition. p values were calculated with the Student’s t-test.

Calcium Source (Figure 2)
Tir d SE Number
dF/F | SEM pval (sec) SEM pval (sec) SEM pval P M pval N of cells
CTRL 1.28 0.02 691 | 1.12 9.39 1.64 0.76 | 0.05 11 140
7.45 x10°® 1.05x102 5.43x10° 0,014
0[Ca*]out 117 0.02 9.61 | 2.80 7.24 1.27 0.70 | 0.06 11 86
CTRL 1.28 0.03 14.85 | 7.90 7.17 0.40 0.76 | 0.03 9 71
1.43 x10°® 5.04x10° 0,03 9.24x10°°
TPEN 1.13 0.01 559 | 0.99 7.99 1.10 0.58 | 0.05 11 91
CTRL 1.24 0.04 396 | 0.24 5.63 0.46 0.82 | 0.05 4 57
>0.05 1.81 x10? >0.05 1.67x10°
CBX 1.23 0.06 6.69 | 2.35 5.86 0.89 0.54 |0.04 5 50
CTRL 1.10 0.01 1531 0.71 11.71 | 1.36 0.78 1 0.03 8 686
2.53x10°® 1,45x107 2.59x10°° 2.14x10*
2-APB 1.02 | 0.002 23.76 | 1.73 28.77 | 5.15 0.19 |0.03 9 634
TRP Pharmacology (Figure 2)
T d SE Number
sec sec; of cells
dF/F | SEM pval SEM pval SEM pval P M pval N £ cell
CTRL 1.22 0.02 5.88 | 0.40 1119 | 1.73 0.75 1 0.03 11 122
3.52x107 >0.05 >0.05 4.70x10°
RR 1.14 0.01 566 | 1.07 1136 | 3.24 0.71 | 0.03 15 223
CTRL 1.22 0.03 8.82 1,30 26.06 | 5.74 0.71 | 0.04 10 107
1.66x10* >0.05 >0.05 1.93x102
RN 1.16 0.02 10.32 | 2,37 29.14 | 6.32 0.66 | 0.05 10 90
CTRL 1.24 0.03 7.07 | 1,32 10.68 | 1.48 0.80 | 0.05 10 118
1.83x103 1.22x10* 2,06x10°5 >0.05
HC030031 1.19 0.02 11.75| 243 21.60 | 5.00 0.79 | 0.04 11 134
TRPV4 Knock Down (Figure 3)
T. d SE Number
dFIF | SEM pval (Se“é) SEM pval (sec) | SEM pval P M pval N of cells
Scsrif?”,l‘b/ied 1.30 | 0.06 6.30 | 055 761 | 0.70 0.76 | 0.04 1 97
TREVA 1.79x10°® 4.14x10? 1.35x10* 5.01x10°®
SIRNA 1.15 0.02 6.70 | 0.47 10.07 | 1.57 0.55 | 0.04 14 80
AQPA4) (Figure 4)
Numbe
Tuz d SE Number
dF/F | SEM pval (se0) SEM pval (sec) SEM pval P M pval t:iglfs of cells
WT 1.62 0.09 2091 | 331 1558 | 2.48 0.87 | 0.05 7 135
1.60x10° 0.004 9.77x107 1.20x10%
AQP4H 1.43 0.07 3192 | 7.19 40.73 | 2.96 0.72 | 0.07 8 101
HTLC (Figure 4)
Numbe
dF/F | SEM pval T | sgm pval d | sem pval p | SE pval par ||
(sec) (sec) M trials of cells
Glass+PDL 1.24 0.01 713 | 0.55 1414 | 181 0.75 | 0.02 42 487
4.44x10¢ 8.74x107 >0.05 1.20x10°
HTLC 1.38 0.02 511 | 0.81 11.82 | 3.87 09 |0.03 7 100
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CHAPTER 6:

DIFFERING APPROACHES TO INFRARED NEURAL STIMULATION CAN MODULATE
DISTINCT PHYSIOLOGICAL RESPONSES OF ASTROCYTES IN VITRO

Text adapted from:

Wilson R. Adams™, Ana | Borrachero-Conejo™*, Emanuela Saracino®, Roberto Zamboni®, E Duco Jansen*?
, Valentina Benfenati®*#, Anita Mahadevan-Jansen®?. Differing approaches to infrared neural stimulation
can modulate distinct physiological responses of astrocytes in vitro. [In Preparation]

*Authors contributed equally to work

6.1 Abstract

Label-free optical stimulation of brain cells with infrared (IR) light provides a powerful tool for
spatially targeted neuromodulation. However, lingering questions about the off-target effects of IR
stimulation on non-neuronal cells remain sparsely explored. The variation in IR dosing strategies across IR
neuromodulation studies further complicates interpreting results. We have previously shown that rat
astroglial cultures are independently sensitive to single pulses of infrared light, evoking osmoregulatory
phenomena in vitro. Previous work in vivo showed astrocyte calcium responses to bursts of multiple shorter
pulses. To better understand how astrocytes respond to different dosing strategies of IR stimulation, we
systematically explored the impact of three different IR stimulation time courses on astrocyte calcium and
water transport dynamics with widefield fluorescence microscopy and pharmacology. Results show that
different stimulation methods can evoke similar shaped calcium responses in astrocytes, though their
responses result from distinct biomolecular signaling processes. This work has crucial implications for
interpreting previous work in the IR neuromodulation literature. Despite these implications, we also show
the utility of leveraging label-free optical modulation techniques to drive astroglial water transport, a crucial
process in healthy brain function that lacks tools for spatially precise modulation. More broadly, our results
demonstrate the need to consider off-target effects with neuromodulation strategies and how to use such

effects to study brain physiology.

6.2 Introduction

Neuromodulation with pulses of strongly absorbed infrared (IR) light, or infrared neural stimulation
(INS), evokes neural activity in a wide variety of model systems (1-17). The nonspecific nature of infrared
light heating water to trigger cell signaling raises how it may be impacting non-neuronal cells in the brain.

Glial cells are receiving growing recognition for their role in neural circuitry and brain function, yet optical
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tools to modulate their physiology are underdeveloped. Label-free glial modulation methods with light

would provide a helpful tool to study the brain in unique ways.

Prior work shows astrocytes are involved in the initial responses of rat somatosensory cortex to
INS in vivo (4). As a follow-up to that work, we showed that astrocytes are independently sensitive to
single 8-millisecond pulses of IR light, which evoke physiological effects such as IP3R-mediated Ca?*
release and water transport processes (18). Astrocytes play a crucial role in supporting and modulating
neuronal function on a wide range of timescales by altering the extracellular fluid constituents (e.g., ions,
water molecules, neuromodulators, metabolic waste) (19-21). Hydrosaline homeostasis can profoundly
affect synaptic plasticity, neural network dynamics, and animal behavior (22-24). Astrocytes play a crucial
role in regulating local energetic demand and facilitating immunological reactivity across the entire brain
(25). Recently, a surge of tools to modulate and study astrocyte function chemically, optically, and
genetically have been developed to study their role in brain function and behavior (26, 27). Though many
tools are repurposed from those developed for neurons, these tools often drive substantially different
physiology in astrocytes. Understanding the cell-type specific effects on tissue physiology is critical for

new neuromodulation technologies' research and clinical utility.

A key remaining guestion about INS concerns how dosing cells differently with light impacts their
physiological responses. Studies using INS employ a broad range of stimulation parameters. Previous in
vivo studies in rats and non-human primates used a rapid burst of lower energy IR pulses to evoke neural
activity to avoid tissue damage (1, 3, 28-31). Similar bursts of pulses at even shorter pulse widths drive
auditory activity in guinea pigs and cats (10, 12, 13). Conventionally, single IR pulses between 1 and 10
milliseconds long excite in vitro neuronal and in vivo peripheral nerve preparations (7-9, 14-16, 32-34).
The lack of consistency with IR dosing parameters (35, 36) naturally raises questions about their

comparability. Research addressing this question remains unavailable.

INS's mechanistic models suggest that the heat generated by water's IR absorption properties
depolarizes neurons (7, 17, 32, 37, 38). However, cells of different phenotypes respond differently to INS
downstream at the biomolecular level. Groups have shown that different molecular pathways can be
affected by similar IR exposure conditions in different model systems (8, 14-16, 39, 40). No study has
compared IR dosing conditions to cell physiological responses. Such a study would provide a practical basis

for deploying label-free neuromodulation technologies for broader questions in neuroscience.

To begin addressing these points, we hypothesize that different dosing parameters of pulsed

infrared light can evoke distinct biochemical pathways and physiological processes in primary cortical
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astrocyte cultures. We carry out in vitro calcium imaging experiments with pharmacology on rat-derived
primary cortical astrocytes. Water transport dynamics are evaluated by calcein-fluorescence-quenching
microscopy. Results across three IR exposure conditions were compared: a single IR pulse (SP), a short
train of stronger short IR pulses (SMP), and a longer train of lower energy short IR pulses (LMP).
Furthermore, we offer insight into how these findings may help study astrocyte function and disfunction in

the broader context of brain physiology.

6.3 Methods

6.3.1 Rat Cortical Astrocyte Culture Isolation
Primary astroglial cultures were prepared in accordance with animal use protocols approved by the
Vanderbilt University Institute for Animal Care and Use Committee (VU-IACUC, Protocol M1600084).

Astrocyte primary cultures were prepared as described previously (41). In brief, astrocytes were isolated

from day 0-2 postnatal Sprague-Dawley rat pups (Envigo/Harlan, Indianapolis, IN, USA). The superficial-
most portions of neural cortices were mechanically dissected and placed in 1mL of Dulbecco's Modified
Eagle Medium supplemented with 5mM L-glutamine, 15%v/v fetal bovine serum (FBS), and
penicillin/streptomycin (100 U/mL and 100 pg/mL, respectively). Tissues were mechanically dissociated
by shearing tissue samples through a disposable pipette tip in their respective media and straining the
medium suspension with a 40 um cell strainer (Falcon, BD Bioscience, Bedford, MA). Strained cells in
suspension were plated on culture flasks containing the previously described medium formulation. Cells
were maintained in incubation at 37°C with 5% CO, and 95% relative humidity levels for at least three
weeks before imaging. After three days in vitro, culture flasks were periodically gently shaken, when
necessary, to remove microglial, fibroblasts, and fibrous astrocyte growth in the flask. After 14 days in
vitro, medium concentrations of FBS were reduced to 10%v/v. Cells were used between days 21 and 35 in
vitro for experiments upon re-plating. Primary astrocytes were detached using a 0.025% trypsin/EDTA
solution for 5 minutes at 37°C and 5% CO2 to plate cells for live imaging experiments. Cells were reseeded
on glass-bottom 35mm cell culture dishes (#1.5 coverglass, 10-17 mm diameter, Mattek, Waltham, MA,
USA) coated with Poly-D-lysine (PDL) at a concentration of about 30,000 cells/cm?. Imaging experiments

were performed between 48-72 hours of re-plating.

6.3.2 Widefield Calcium Fluorescence Imaging
To image intracellular calcium dynamics of rat cortical astrocyte cultures, cells seeded on glass-

bottom imaging dishes were rinsed and incubated with physiological saline solution containing 1 puM of
Fluo-4-AM and Pluronic-127 for 1 hour at room temperature (Molecular Probes, Thermo-Fisher, St. Louis,
MO, USA). After dye loading, cells were rinsed with and maintained in a standard bath solution for the

duration of imaging sessions (<60 minutes). Cells were imaged on a Nikon Ti-S inverted epifluorescence
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microscope (Figure 6.1A). Fluorescence excitation was provided by a broadband light source (Lumencore
Sola or Aura Ill) bandpass filtered to a wavelength range centered around 488nm. Average powers
measured at the sample were maintained at about 1.3 mW across all experiments. Fluorescence detection
was achieved through a 525 nm bandpass filter and an air objective (Nikon Instruments, 20 X Plan Apo,
0.8 NA) onto an sSCMOS camera (Hamamatsu Orca Flash 3.0). Camera sensor exposure times were held
constant at 200 ms, with a 50 ms fluorescence illumination buffer for stable illumination intensities across

all widefield fluorescence images.

During an imaging experiment, fluorescence images of dye-loaded astrocytes were acquired at a
2Hz framerate for 300 frames (i.e., two and a half minutes). Approximately 30 seconds into the recording
period, cells were stimulated with infrared light as described in the Pulsed Infrared Stimulation methods.
The evoked calcium signal was observed for the remaining two minutes of the experiment interval. Bath
application of pharmacological agents was employed to study the influence of molecular signaling
pathways involved in IR-evoked calcium dynamics, with agents and working concentrations described in
Solutions and Chemicals and Table 6.1. All images were acquired in NIS Elements (Nikon Imaging
Systems, Melville, NY, USA) and analyzed using custom processing and analysis workflows with Fiji (42)
and Matlab (Mathworks, Natick, MA, USA).

6.3.3 Calcein Self-Quenching Imaging
To assess cell volume changes in rat astrocytes in vitro, we used the calcein fluorescence quenching

method as previously described (43). Cells plated on glass-bottom dishes were loaded with Calcein-AM
(Life Technologies, Thermo Fisher, USA) by incubating cells with 10 uM of dye in standard bath solution
for 30 min at room temperature. Experiments were performed 48-72h after re-plating cells on imaging
dishes. Image acquisition was controlled by NIS Elements (Nikon imaging Systems, Melville, NY, USA)
on a Nikon Ti-S inverted epifluorescence microscope using identical acquisition parameters from calcium
imaging. All images were analyzed using custom processing and analysis workflows in Fiji (42) and Matlab
(Mathworks, Natick, MA, USA).

6.3.4 Pulsed Infrared Stimulation
Pulsed infrared light was delivered to astrocytes via a multimode optical fiber (400 um diameter,

Ocean Optics, Jupiter, FL, USA) coupled to an 1875nm diode laser system (Capella, Aculight | Lockheed-
Martin, Bothell, WA, USA). The bare output was positioned within the microscope's field of view using a
micromanipulator (MPC-1000, Sutter Instruments). The optical fiber was aimed at a 45-degree angle
relative to the microscope's sample plane. The fiber was positioned laterally in the field of view, where the
fiber edge was approximately 10 um above the coverslip surface. The lateral position of the fiber was

adjusted such that the central region of the evoked calcium responses in the observed cells were central to
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Figure 6.1: Experimental setup and dose-dependent Ca?* responses to IR stimulation

(A) Schematic representation of the experimental set-up for astrocyte stimulation. (B) Schematic
representation of the different pulse protocols used to stimulate astrocytes. (C) Activation probability
as a function of radiant exposure delivered to rat primary astrocytes with an 8ms single pulse, a SMP,
and LMP stimulation. (D) Bar graph showing the average values of radian exposure for the 50% of
activation. (E) Representative traces depicting the normalized variation in cell fluorescence over time
(dF/F) that reflects variation in [Ca?*]; . The red lines mark the timepoint at which the laser pulse was
delivered. (F) Bar plot showing the average dF/F for the different pulse protocols. (G) Bar plot
depicting the average area of astrocytic activation for the different stimulation protocols. N=32 for
SP, N=61 for SMP and N=59 for LMP. N represents the number of plates. Data are reported as mean
and SEM. Student's unpaired t-test,* p < .05,**p < .01, ***p < .001.
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observed to elicit a large, slow-spreading calcium response amongst cells in the imaging dish. The effort
was taken to avoid mechanical stimulation of the cells by locking the lateral micromanipulator position
between experiments and repositioning the fiber axially to minimize shearing of the medium around the

cells when navigating fields of view to stimulate.

Astrocytes were given one of three different irradiation/stimulation protocols (Figure 6.1B): an 8
ms long single pulse (SP), a shorter 500 ms-duration burst of 250 ps-long pulses at a 200Hz repetition rate
(SMP), or a longer 1500 ms-duration burst of 400 us-long pulses at a 125 Hz repetition rate (LMP). The
radiant exposure delivered to the cells under each stimulation protocol was adjusted by changing each
pulse's pulse peak power. Peak power was controlled by adjusting the current delivered to the laser diode.
The activation probability as a function of radiant exposure was fit to a cumulative distribution function for
each stimulation protocol. The dosage eliciting 50% cell activation was reported as the stimulation
threshold. The 95% confidence interval was reported as the error in estimating the stimulation threshold.
For pharmacological experiments, the radiant exposure that activated 75-80% of cells in an imaging control

experiments field of view was used.

Energy doses of IR pulses are calculated based on the externally measured optical power from a
constant temporal train of optical pulses. Measured power output was divided by the duty cycle of the pulse
train (5%) to calculate the average peak power of each IR pulse. Multiplying the IR pulse peak power by
the pulse duration yields an average pulse energy value. Calculated pulse energies can be divided across
the 400 um fiber area to output an average radiant exposure value delivered to the imaging medium at the
fiber exit per pulse. The radiant exposure per pulse multiplied by the number of pulses delivered to the cells
yields the total radiant exposure delivered to the medium at the optical fiber face. Extrapolating the
exponential decay of this energy as a function of the distance between the fiber face and the coverslip
surface, assuming an absorption coefficient of the stimulation laser in water as 26 cm™ (44), yields an
approximate radiant exposure experienced by the imaged cells. There is a spatial variation to the radiant
exposure of IR light - and thus temperature change — experienced by the cells during stimulation across the
microscope's field of view. The observed stimulation areas always appeared to fall within the entire field
of view of the microscope. For the sake of simplicity, the average approximated radiant exposure at the

coverslip surface was used consistently to describe the experimental condition for each imaging experiment.

6.3.5 Electrophysiology Methods
Currents were recorded with the whole-cell configuration of the patch-clamp technique as

described previously (41). Patch pipettes were prepared from thin-walled borosilicate glass capillaries to

obtain a tip resistance of 2-4 MQ when filled with the standard internal solution. Membrane currents were
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amplified, filtered at 2 kHz and acquired at a sample rate of 5 kHz by Axopatch 200B amplifier in voltage-
clamp mode. Responses were amplified, low-pass filtered at 1 kHz, digitised at 20 kHz, stored and analysed
with pCLAMP 10. Liquid junction potential (7 mV) was calculated and corrected off-line; voltages
indicated are those relative to the real transmembrane potentials. Experiments were carried out at room
temperature (22-24 °C). Steady state current density in response to ramp currents was calculated before
and after INS. Maximal current increase (pA/pF) is reported as the ratio of the maximal current densities
after INS at -80mV and +80 mV to those measured at steady state prior to INS. Electrophysiological data
are expressed as mean +/- standard error of the mean, where the number of cells patched was the number
of samples. Potassium (K*) in the intra- and extra-cellular saline were replaced by cesium (Cs*) to isolate

non-K* currents in astrocytes in vitro.

6.3.6 Solutions and Chemicals
Standard bath solution is composed of the following salts in deionized water (in mM): 140 NacCl,

4 KClI, 2 MgCly, 2 CaCly, 10 HEPES, 5 glucose, pH 7.4 with NaOH, and osmolarity adjusted to ~318 mOsm
with mannitol. Ca?*-free extracellular solution (0 [Ca?*]ow) is formulated with deionized water containing
the following salt concentrations (mM): 140 NaCl, 4 KCI, 4 MgCl,, 10 HEPES, 5 glucose, 0.5 EGTA, pH

7.4 with NaOH and osmolarity adjusted to ~318 mOsm with mannitol. Stock solutions of pharmacological

agents were prepared from vendors by solubilizing them in their appropriate diluent solutions. Stock aliquot
concentrations and diluents are summarized in Table 6.1. Stock aliquots of carbenoxolone (CBX, 50mM)
4-(Phosphonomethyl)-2-piperazinecarboxylic acid (PMPA, 10mM), (3-Aminopropyl) (diethoxymethyl)
phosphinic acid (CGP-35348, 100 mM), Suramin (100 mM), (Brilliant Blue G (BBG, 10 mM), Verapamil
(5mM) and Ruthenium red (RR, 10mM) were prepared in water and stored at -20 °C. Aliquots of 2-
Aminoethoxydiphenylborane (2-APB, 100 mM), 2,3-Dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (BNQX, 10mM), RN-1734 (14.7 mM), HC-
030031 (40 mM) capsazepine (5mM) and A425619 (1mM) were prepared by dissolving in DMSO and
stored as aliquots at -20 °C. Aliquots of N,N,N’,N’'-tetrakis(2- pyridinylmethyl)-1,2-ethanediamine
(TPEN,100 mM) were prepared in ethanol and stored at -20 °C. Aliquots of DL-2-Amino-3-
phosphonopropionic acid (DL-AP3, 300mM) were prepared in a 1leq NaOH solution in water. Working
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Table 6.1: Summary of pharmacological agents used in study.

N,N,N',N’ — Tetrakis (2- 24
pyridylmethyl) TPEN Lntietes 1 g e 2 mM 100 mM

ethylenediamine Sreli

2- IPsR and RyR

Aminoethoxydiphenylborane At Antagonist U SUl%

Carbenoxolone CBX Connexm/ PATITE 50 uM 50 mM
Antagonist

DL-AP3 DL-AP3 Cirp | LR 300 uM 100 mM
Antagonist
AMPA (iGIuR)

BNQX BNQX Antagonist 10 mM 10 uM

PMPA PMPA alb ([FEHE) | g0 10 uM
Antagonist

CGP-35348 CGP el 100 uM 100 MM
Antagonist

Suramin Suramin P2Y Antagonist 100 uM 100 mM

Brilliant Blue G BBG P2X7 Antagonist 1uM 10 mM
Voltage Gated

Verapamil VPM Calcium Channel 5uM 10 mM
Antagonist

Ruthenium Red RR NETEREEE TR | g o 10 mM
group antagonist

RN-1734 RN TRPV4 Antagonist 10 uM 14.7 mM

HC030031 HC TRPAL Antagonist 40 uM 40 mM

. Selective TRPV

Capsazepine CzP Antagonist 5uM 5 mM
Selective TRPV1

A425619 A425619 Antagonist — heat 1uM 1 mM
sensitivity
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concentrations of pharmacological agents for imaging experiments were as follows: CBX 50 pM, PMPA
10 uM, CGP-35348 100 uM, Suramin 100 uM, BBG 1 pM, Verapamil 5 uM, RR 10 uM, 2-APB 100 uM,
BNQX 10 pM, RN-1734 10 uM, HC-030031 40 uM, capsazepine SuM, A425619 at 1 uM, TPEN 2 mM,
DL-AP3 300 uM in physiological saline solution. For electrophysiological experiments the standard bath
saline was (mM) 140 NaCl, 4 KCI, 2 MgCl2, 2 CaCl2, 10 Hepes, 5 glucose, pH 7.4 with NaOH and
osmolarity adjusted to 315 mOsm with mannitol. In order to eliminate potassium currents, K* was omitted
by extracellular solution and pipette solutions was replaced with cesium (Cs). The intracellular (pipette)
solution was composed of (mM): 126 CsCl, 2 MgCl2, 1 EGTA, 10 TES, pH 7.2 with CsOH and osmolarity
300 mOsm with mannitol. Salts and chemicals used to prepare physiological solutions were the highest

purity grade available from Sigma (Milan, IT).

6.3.7 Image processing
Somatic cellular fluorescence time series were obtained with a custom-written Fiji script to

repeatably and reliable segment cells with a modified seeded watershed segmentation approach (42, 45).
Raw time-series images were imported into Fiji using the Bioformats plugin (46). An average intensity
projection of the first 30 frames before IR stimulation was calculated as a baseline image to identify cell
soma. A rolling ball filter (diameter approximately 50% of image width) was applied to reduce low spatial
frequency variations attributable to illumination inconsistencies. Contrast-enhanced adaptive histogram
equalization (CLAHE) with a local block size of 20% of the image's largest dimension was applied to the
average intensity projection image to reduce cell-to-cell variability in baseline somatic fluorescence
intensity across the field of view. A 2-to-6-pixel gaussian kernel was convolved with the processed image
to reduce high-frequency noise that impeded local maxima identification. Local maxima in the processed
average intensity projection were found to locate nuclear features indicative of single-cell soma. The local
maxima points were was used to seed a watershed segmentation algorithm. A binary mask was generated
with Huang segmentation to restrict the extent of watershed segmentation. The identified local maxima,
binary mask, and a distance-transformed edge map of the binary mask were fed into a seeded watershed
segmentation workflow (45) to yield a segmented single-cell map in a particular field of view. These
regions of interest for each cell were applied to raw time-series images to extract individual cellular raw
fluorescence signals to IR stimulation. Mean fluorescence intensity and relative cell centroid positions
exported from Fiji for further processing, analysis, and visualization using a custom workflow implemented
in MATLAB (Mathworks, Natick, MA, USA). This workflow was streamlined into a semi-automated
pipeline facilitating rapid data extraction with minimal user input. The described calcium imaging

segmentation workflow is available as a Fiji macro script from the authors upon request.

6.3.8 Fluorescence Timeseries Analysis
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Raw fluorescence traces are temporally aligned, intensity normalized, and processed to extract
different calcium and calcein response metrics. Alignment of traces relative to INS pulse delivery was
performed by locating a decrease in fluorescence due to the stimulation lasers thermally induced
defocusing. Each cell's raw fluorescence intensity was normalized to the mean raw intensity of the 10
frames preceding IR exposure, then reported and analyzed as fractions (dF/F). For calcein experiments
only, fluorescence time-series traces were background-subtracted with a 6" order iterative polynomial
algorithm to account for the high photobleaching rate of calcein over data acquisition periods (47). Due to
temporal variation in image background from the endogenous fluorescence of the stimulation fiber, the dark
signal offset was omitted from relative fluorescence signal calculations. Quantitative metrics extracted from
each cell's Ca?* time series trace included maximum change in relative fluorescence (peak dF/F), elapsed
time-to-peak fluorescence intensity (time-to-peak, in seconds), the full-width half-maximum of each cell's
response (response duration, in seconds). A cell was deemed activated if a 5% increase in relative calcium
fluorescence within 15 seconds of IR exposure was measured. The fraction of activated cells relative to the
total number of cells observed is reported as "activation fraction™ or "fraction of responding cells" on a per-
imaging-experiment basis. The responding cells area is approximated as the area of pixels in which an
activated cell is likely to be during IR stimulation. Delaunay triangulation between centroids of activated
cells for a given experiment was used to calculate the activation area empirically. The reported area values
are in units of pixels?, with each square pixel representing 0.1037 pm? (0.322 pm / px sampling density).
Plotting was performed in Matlab with the "superbar" package and native plotting functions. Fiji scripts for

image segmentation and data extraction and Matlab processing scripts are available upon request.

6.3.9 Statistical Analysis
Statistical comparison of metrics is performed with a 2-sided unpaired student's T-test. Error bars

reported are standard error-of-the-mean (SEM) between imaging experiments. For subthreshold stimulation
analyses, response times between pooled cell populations were compared with a Wilcoxon Rank Sum test.
Statistical significance is denoted graphically with asterisks, where * represents p < 0.05, ** represents p <
0.01, and *** represents p < 0.001.

6.4 Results
6.4.1 Multipulse stimulation thresholds are higher than single-pulse stimulation thresholds.
The three stimulation protocols studied are illustrated in Figure 6.1B. Both short (SMP, 16.26
Jiem?, Cl +/- 1.65 J/cm?) and long multipulse (LMP, 23.93 J/cm?, CI +/- 4.91 J/cm?) stimulation conditions
required substantially higher radiant exposures to elicit concerted calcium responses than to single pulse
(SP, 3.61 J/cm?, CI +/- 0.22 J/cm?) stimulation (Figure 6.1C&D). The shapes of the calcium responses are

similar across all stimulation types (Figure 6.1E, representative traces), showing no statistically significant
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difference in peak fluorescence nor time-to-peak

(Figure 6.2). However, the area of cells exhibiting -

responding to SMP and LMP stimulation in an

]
=

experiment — spatially — was significantly higher than
that of SP stimulation (Figure 6.1G), with LMP

stimulation showing the largest average response area.
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6.4.2 Sub-threshold levels of multipulse stimulation for single pulse, short multipulse, and long

evoke stochastic activation of astrocyte Ca?* dynamics multipulse stimulations. Data are reported
In observing Ca®* responses obtained during 35 mean and SEM.

stimulation threshold experiments, activation of

astrocytes with SMP and LMP stimulation with sub-threshold levels of radiant exposure displayed more
random spatiotemporal activation dynamics. An example of these observations is represented graphically
as temporal color-coded maximum intensity projections and temporal Ca?* traces for threshold (Figure
6.3A&B) and subthreshold (Figure 6.3C&D) from an example SMP stimulation experiment. The variation
in the arrival of astrocytes to their peak Ca?* responses appeared more pronounced in the subthreshold
stimulation conditions than the threshold stimulation conditions for SMP and LMP stimulation. Comparing
the time-to-peak distributions for each stimulus condition provided a rough response randomness metric.
SP stimulation at below and above threshold radiant exposures showed no statistically significant difference
in time-to-peak distribution medians (Figure 6.3E, p > 0.05, Wilcoxon rank-sum). However, SMP (Figure
6.3F) and LMP (Figure 6.3G) showed a significant increase in subthreshold time-to-peak distribution
medians over threshold stimulation levels (p < 0.05, Wilcoxon rank-sum). The response probability to SMP
and LMP stimulation was higher for threshold levels of stimulation. Similarly, subthreshold stimulation
was more likely to yield Ca?* responses peaking well after IR exposure. While IR stimulation is dose-
dependent, this work focused on understanding INS bioeffects at threshold stimulation levels moving

forward.
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Figure 6.3: Stochastic activation of astrocyte Ca?* dynamics with subthreshold multipulse
stimulation

(A) Representative image from one imaging experiment of SMP threshold-stimulated astrocytes with
(B) representative Ca?* fluorescence time traces across 3 experiments. (C) Representative image from
one imaging experiment of SMP subthreshold-stimulated astrocytes with (D) representative Ca2+
fluorescence time traces across 3 experiments. Histograms of individual cell subthreshold and
threshold stimulation with (E) SP, (F) SMP, and (G) LMP stimulation.
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6.4.3 Multipulse stimulation of astrocytes primarily mediates extracellular Ca?* entry.
Pharmacological and calcium imaging experiments helped identify the primary route for cytosolic

Ca?" concentration ([Ca?*];) increase from IR stimulation. Figure 6.4A, D, and F show representative
calcium dynamic traces evoked with SP, SMP, and LMP stimulation under control and pharmacological
perturbation, respectively. Data shown for SP stimulation was previously published (18).

Increasing Ca?* signals evoked by SP stimulation were attenuated by perturbing Ca?* release from
intracellular stores with N,N,N’,N'-tetrakis(2- pyridinylmethyl)-1,2-ethanediamine (TPEN, 2mM) (48), an
intracellular Ca?" store chelator at 2 mM. Application of TPEN showed a significant decrease in
fluorescence intensity, relative activation fraction, and time-to-peak (Figure 6.4B&C; Figure 6.6A). This
observation implicated IPsR activation in astrocytic Ca?* responses to SP stimulation. Application of the
IPsR antagonist 2-aminoethoxydiphenylborane (2-APB, 100 puM) significantly attenuates Ca?* response
magnitude and activation probability to SP stimulation while increasing the response time-to-peak (Figure
6.4B&C, Figure 6.6A) (49). Extracellular calcium entry appears to shape SP-evoked responses. Calcium-
free imaging medium (0[Ca?*],) significantly decreases Ca?* response magnitude and activation probability
(Figure 6.4B&C) while increasing time-to-peak (Figure 6.6A). Intracellular Ca?* release through IP3R
activation primarily mediates astrocyte Ca?* responses to SP stimulation. Intercellular communication
mediates the spread of SP-evoked Ca?* responses. Blocking intercellular Ca?* release with carbenoxolone
(CBX, 50uM) (50) decreases activation probability and increases response time-to-peak for SP stimulation
(Figure 6.4C; Figure 6.6A). Meanwhile, CBX had no significant effect on peak calcium responses (Figure
6.4B).

In contrast to SP stimulation, extracellular Ca?* entry primarily mediates astrocyte responses to
SMP and LMP stimulation. Using a Ca?*-free imaging medium significantly attenuates Ca?* responses and
decreases activation probability while increasing response time-to-peak after SMP stimulation (Figure
6.4E, F, H & I; Figure 6.6B&C). Applying TPEN insignificantly reduced Ca?* responses, decreased
activation probability, and did not alter the time-to-peak evoked by SMP stimulation (Figure 6.4E&F,
Figure 6.6B). Applying 2-APB to block IP3R activation yielded a significant decrease in Ca?* response
magnitude and a significant increase in the time-to-peak, but did not affect activation probability to SMP
stimulation (Figure 6.4E&F, Figure 6.6 B).

Unlike SMP observations, TPEN vyielded a significant decrease in response magnitude and
activation fraction while yielding no change in the time-to-peak after LMP stimulation (Figure 6.4H&aI,

Figure 6.6C). Applying 2-APB attenuated the Ca?* response magnitude and activation probability to LMP
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Figure 6.4: Pharmacological study of calcium mobilization in astrocytes

(A, B and C) Calcium imaging results for SP stimulation. (A) Representative traces using
extracellular standard solution (Ctrl), extracellular solution not-containing Ca?* (0[Ca?*],), and by
adding TPEN (2mM), 2-APB (100 uM) or CBX (50 uM) to the Ctrl saline. (B) Bar plots showing
average maximum dF/F for 0[Ca?*], solution, TPEN, 2-APB and CBX compared with their own Ctrl.
(C) Bar plots depicting relative activation fraction for 0[Ca?'], solution, TPEN, 2-APB and CBX
compared with their own Ctrl for SP. (D, E and F) Calcium imaging results for SMP stimulation.
Representative traces using Ctrl solution, 0[Ca?*],, and adding TPEN, 2-APB or CBX to the Ctrl
saline (E). Bar plots showing average maximum dF/F for 0[Ca?'], solution, TPEN, 2-APB and CBX
compared with their own Ctrl. (F) Bar plots depicting relative activation fraction for 0[Ca?*],
solution, TPEN, 2-APB and CBX compared with their own Ctrl for SP. (G, H and I) Calcium
imaging results for LMP stimulation. (G) Representative traces using Ctrl solution, 0[Ca?*],, and
adding TPEN, 2-APB or CBX to the Ctrl saline. (H) Bar plots showing average maximum dF/F for
0[Ca?*], solution, TPEN, 2-APB and CBX compared with their own Ctrl. (1). Bar plots depicting
relative activation fraction for 0[Ca?"], solution, TPEN, 2-APB and CBX compared with their own
Ctrl for LMP stimulation. SP number of experiments N=11 for 0[Ca?"]o, N=11 for TPEN, N=9 for 2-
APB, N=5 for CBX. SMP number of experiments N=13 for 0[Ca?*],, N=11 for TPEN, N=9 for 2-
APB, N=8 for CBX LMP number of experiments N=13 for 0[Ca?*],, N=11 for TPEN, N=10 for 2-
ABP, N=11 for CBX. N represents the number of plates. Data are reported as mean and SEM.
Student's t test,* p < .05,**p < .01 ***p < .001.
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Figure 6.5: LMP-evoked whole-cell conductance changes in astrocyte cultures

(A-B) Typical ramp current traces stimulated with a voltage ramp protocol (inset) recorded in Cs-
saline solution, before (A, B, black trace) at maximal current increase observed after pulsed infrared
(IR) light (A, single pulse violet trace, and B, multi pulse, green trace). C) Bar plot of averaged
maximal current density, recorded at —80mV and +80mV after INS, normalized with respect to the
baseline current. Data are reported as mean and SE. (n=4 single pulse, left bar and n=5 multi pulse
right side). p<0,05; ANOVA

stimulation. In contrast, 2-APB showed a significant increase in response time-to-peak to LMP stimulation

—which was not observed with TPEN application.

Both multipulse protocols show higher contributions from extracellular Ca?* influx relative to
intracellular Ca?* release. Perturbing gap junction signaling with CBX reduced Ca?* response magnitude
and activation probability to SMP and LMP stimulations (Figure 6.4E, F, H & I). However, CBX increased
time-to-peak with the LMP stimulation, not SMP stimulation (Figure 6.6B&C). In comparison, CBX did
not affect SP-evoked response magnitudes. This result raised whether SMP and LMP stimulation might

drive modulatory molecule release (51).
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Figure 6.6: Pharmacological effects on single and multipulse stimulation Ca?* dynamics —

(A, B and C) Bar plots showing average time-to-peak for 0[Ca2+]o solution, TPEN (2mM), 2-APB
(100 pM) and CBX (50 uM) compared with their own Ctrl for single pulse (A) short multipulse (B),
and long multipulse (C). D, E and F) Bar plot depicting time-to-peak for DL-AP3 (300 uM) , NBQX

(uM) , PMPA (uM), CGP-35348 (uM) , suramin (100 uM) and BBG (1 pM) compared with their own

Ctrl for single pulse (D) short multipulse (E), and long multipulse (F). G, H and 1) Bar plots depicting
time-to-peak for for verapamil (5 uM) , RR (10 uM), RN-1734 (10 uM), HC030031 (40 uM),
Capsazepine (5 uM) and A425619 (1 uM) compared with their own Ctrl for single pulse (G) short

multipulse (H), and long multipulse (I). Data are reported as mean and SEM. Student's unpaired t-test,*

p < .05,**p < .01, ***p < .001.
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To analyze the effect of SP and LMP INS on astrocytes whole-cell currents, we used intra- and
extra-cellular saline containing CsCl and astrocytes were clamped at the holding potential (Vh) of 0 mV
and stimulated with voltage ramps from -80 to 80 mV of 1-s duration (Figure 6.5A, inset *). The exposure
to pulsed infrared light induced an increase in ramp currents when cells were stimulated with single and
with LMP. A significant increase in inward current was observed in single and multi-pulse (Figure 6.5C);
however, the magnitude of the increase was not significantly different. The data is in agreement with
calcium imaging experiments. Indeed, at steady-state, the magnitude of the calcium signaling responses

were comparable in response to single and long multipulse.

6.4.4 Membrane receptor activation underlies astroglial Ca?* responses to multipulse stimulation.
Modulatory receptor's impact on IR-evoked Ca?* responses was assessed with pharmacology and

widefield Ca?* fluorescence imaging. Applying Brilliant Blue G (BBG, 1 um) —a selective P2X7 antagonist
with nanomolar affinity (52) — significantly decreased calcium response magnitudes and significantly
increased time-to-peak (Figure 6.7A-C; Figure 6.6D). Antagonists against glutamate, GABA, and ATP
receptors had no significant impact on SP-evoked Ca?* responses and activation probabilities (Figure 6.7A-
C; Figure 6.6D).

For both SMP and LMP stimulation, interrupting receptor activity affected IR-evoked Ca?*
response. Blocking group-I metabotropic glutamate, AMPA, and NMDA receptors with DL-AP3 (53),
NBQX (54), and PMPA (55), respectively, significantly attenuated Ca?* responses magnitude and reduced
activation probability without changing temporal dynamics of SMP-evoked responses (Figure 6.7D-F;
Figure 6.6E). Applying CGP-35348, a selective antagonist for GABAg receptors (56), reduced cell
activation probability to SMP stimulation. Using suramin, a non-selective P2Y blocker (57), and BBG, a
P2X7 receptor antagonist, significantly decreased Ca?* response magnitude to SMP stimulation (Figure
6.7D&E). However, changes in the number of cells responding and time-to-peak were affected only by
BBG (Figure 6.7E&F; Figure 6.6E). Using DL-AP3, NBQX, and PMPA during LMP stimulation reduced
the magnitude of Ca?* responses (Figure 6.7G&H). The same drugs reduced activation fractions to LMP
stimulation except for PMPA (Figure 6.71). DL-AP3 was the only glutamate receptor antagonist to
significantly alter Ca?* response time-to-peak after LMP stimulation (Figure 6.7G; Figure 6.6 F). GABAs
antagonist CGP-35348 and P2 antagonist suramin did not show any significant change to LMP response
magnitude or activation probability (Figure 6.7G; Figure 6.6F). Similar to SP and SMP observations, the
use of BBG caused a significant decrease in response magnitude and activation fraction after LMP
stimulation (Figure 6.7G-1). Applying BBG also significantly increased response time-to-peak following
LMP stimulation (Figure 6.7G; Figure 6.6F).
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Figure 6.7: Pharmacological study of receptor involvement on intracellular calcium
concentration increases
(A, B and C) Calcium imaging results for SP stimulation. (A) Representative traces using extracelular
standard solution (Ctrl), and Ctrl with DL-AP3 (300 uM), NBQX (10uM), PMPA (10uM), CGP-
35348 (10uM), suramin (100 uM) and BBG (1 uM) added to the Ctrl solution. (B) Bar plots showing
average maximum dF/F for DL-AP3, NBQX, PMPA, CGP-34348, Suramin and BBG compared with
their own Ctrl. (C) Bar plots depicting relative activation fraction for DL-AP3, NBQX, PMPA, CGP-
34348, Suramin and BBG compared with their own Ctrl. (D, E and F) Calcium imaging results for
SMP stimulation. (D) Representative traces using extracelular standard solution (Ctrl), and Ctrl with
DL-AP3, NBQX, PMPA, CGP-35348, Suramin and BBG added to the Ctrl solution. (E) Bar plots
showing average maximum dF/F for DL-AP3, NBQX, PMPA, CGP-34348, Suramin and BBG
compared with their own Ctrl. (F). Bar plots depicting relative activation fraction for DL-
AP3, NBQX, PMPA, CGP-34348, Suramin and BBG compared with their own Ctrl. (G, Hand I)
Calcium imaging results for LMP stimulation. (G) Representative traces using extracelular standard
solution (Ctrl), and Ctrl with DL-AP3, NBQX, PMPA, CGP-35348, Suramin and BBG added to the
Ctrl solution. (H) Bar plots showing average maximum dF/F for DL-AP3, NBQX, PMPA, CGP-
34348, Suramin and BBG compared with their own Ctrl. (). Bar plots depicting relative activation
fraction for DL-AP3, NBQX, PMPA, CGP-34348, Suramin and BBG compared with their own Ctrl.
SP number of experiments N=11 for DL-AP3, N=8 for NBQX, N=8 for PMPA, N=8 for CGP-35348,
N=7 for Suramin, N=10 for BBG. SMP number of experiments N=11 for DL-AP3, N=8 for NBQX,
N=8 for PMPA, N=8 for CGP-35348, N=10 for Suramin, N=10 for BBG. LMP number of
experiments N=12 for DL-AP3, N=8 for NBQX, N=8 for PMPA, N=8 for CGP-35348, N=10 for
Suramin, N=10 for BBG. N represents the number of plates. Data are reported as mean and SEM.
Student's unpaired t-test,* p < .05,**p < .01, ***p < .001.
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6.4.5 Transient Receptor Protein (TRP) family channels and Voltage-Gated Calcium Channels (VGCC)
are involved in shaping Ca?* responses to multipulse stimulation.
We next studied the involvement of astroglial ion channels in the evoked responses given the role

of Ca?* efflux from the extracellular environment in shaping the response for the three stimulation protocols.
We previously showed that TRP channels impact SP-evoked Ca?* responses (18). Figure 6.8A-C
summarizes the results of this SP stimulation study (18). Broadly blocking TRP channel function with RR
(58) significantly attenuated Ca?* response magnitude and reduced response probability (Figure 6.8B&C).
However, RR did not affect the temporal dynamics of SP-evoked Ca?* responses (Figure 6.6G). Applying
RN-1734, a selective inhibitor for TRPV4 (59), significantly decreased SP-evoked response magnitude
and activation probability without affecting response time-to-peak (Figure 6.8B&C; Figure 6.6G). Using
HC030031, a selective blocker for TRPA1 (60), significantly reduced SP-evoked Ca?* response magnitude
and significantly increased time-to-peak without affecting the response probability (Figure 6.8 B&C;
Figure 6.6G). Applying capsazepine —a vanilloid antagonist for TRPV1 (61) —and A425619 — a selective
inhibitor of TRPV1 that blocks its heat-sensitive activation explicitly (EI Kouhen et al., 2005) — did not
impact SP-evoked Ca?* dynamics (Figure 6.8B&C; Figure 6.6G). Applying verapamil to target L- and T-
type voltage-gated calcium channels (VGCC)s (62) did not noticeably affect astrocyte Ca?* responses to
SP stimulation (Figure 6.8A-C; Figure 6.6G).

lon channels shape SMP-evoked Ca?* responses differently than SP stimulation. Applying RR
reduced Ca?* response magnitude to SMP stimulation significantly without affecting activation fraction and
time-to-peak (Figure 6.8E&F; Figure 6.6H). Using RN-1734 did not affect SMP-evoked Ca?* responses
(Figure 6.8E&F; Figure 6.6H). Applying HC030031 decreased Ca?* response magnitude significantly but
did not affect activation fraction or time-to-peak (Figure 6.8E&F; Figure 6.6H). Capsazepine significantly
reduced SMP-evoked response magnitude and activation fraction while significantly increasing the
response time-to-peak (Figure 6.8E&F; Figure 6.6H). Using A425619 did not affect response magnitude
or time-to-peak, though significantly increased response probability to SMP stimulation (Figure 6.8E&F;
Figure 6.6H). Verapamil attenuated SMP-evoked Ca?* responses and reduced activation probability

without affecting response time-to-peak (Figure 6.8E&F; Figure 6.6H).

lon channel influences on LMP-evoked Ca?* showed notable differences from SP and SMP
stimulation. Using RR attenuation of response magnitude and increased in the time-to-peak significantly
but did not alter activation probability. Applying RN1734 decreased LMP-evoked response magnitude
significantly without affecting the activation fraction or the time-to-peak (Figure 6.8H&I; Figure 6.61).
Using HC030031 reduced response magnitude and — intriguingly — increased activation probability

significantly without changing time-to-peak (Figure 6.8H&I; Figure 6.6H). Capsazepine reduced response
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Figure 6.8: Pharmacological study of ion channel involvement on intracellular calcium
concentration increases
(A, B and C) Calcium imaging results for SP stimulation. (A) Representative traces using
extracellular standard solution (Ctrl), and Ctrl with Verapamil (5 uM), RR (10uM), RN-1735
(10uM), HC030031 (40uM), Capsazepine (10 uM) and A425619 (1 uM) added to the Ctrl solution.
(B) Bar plots showing average maximum dF/F for Verapamil, RR, RN-1734, HC030031,
Capsazepine and A425619 compared with their own Ctrl. (C) Bar plots depicting relative activation
fraction for Verapamil, RR, RN-1734, HC030031, Capsazepine and A425619 compared with their
own Ctrl. (D, E and F) Calcium imaging results for SMP stimulation. (D) Representative traces using
extracellular standard solution (Ctrl), and Ctrl with Verapamil, RR, RN-1735, HC030031,
Capsazepine and A425619 added to the Ctrl solution. (E) Bar plots showing average maximum dF/F
for Verapamil, RR, RN-1734, HC030031, Capsazepine and A425619 compared with their own Ctrl.
(F) Bar plots depicting relative activation fraction for Verapamil, RR, RN-1734, HC030031,
Capsazepine and A425619 compared with their own Ctrl. (G, H and I) Calcium imaging results for
LMP stimulation. Representative traces using extracellular standard solution (Ctrl), and Ctrl with
Verapamil, RR, RN-1735, HC030031, Capsazepine and A425619 added to the Ctrl solution. (H). Bar
plots showing average maximum dF/F for Verapamil, RR, RN-1734, HC030031, Capsazepine and
A425619 compared with their own Ctrl. (1) Bar plots depicting relative activation fraction for
Verapamil, RR, RN-1734, HC030031, Capsazepine and A425619 compared with their own Ctrl. SP
number of experiments N=8 for Verapamil, N=15 for RR, N=10 for RN-1734, N=11 for HC030031,
N=8 for Capsazepine, N=8 for A425619. SMP number of experiments N=9 for Verapamil, N=10 for
RR, N=7 for RN-1734, N=6 for HC030031, N=8 for Capsazepine, N=8 for A425619. LMP number
of N=10 for Verapamil, N=10 for RR, N=7 for RN-1734, N=6 for HC030031, N=8 for Capsazepine,
N=8 for A425619. N represents the number of plates. Data are reported as mean and SEM. Student's
unpaired t-test,* p < .05,**p < .01, ***p < .001.
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magnitude and increased the time-to-peak significantly without impacting activation fraction (Figure
6.8H&I; Figure 6.6H). A425619 had no impact on LMP-evoked Ca?* dynamics (Figure 6.8H&I; Figure
6.6H). Verapamil decreased response magnitude and increased time-to-peak significantly without affecting
the activation fraction (Figure 6.8H&I; Figure 6.6H).

6.4.6 Multipulse IR stimulation preferentially triggers astrocyte swelling
A major SP-evoked physiological response in astrocytes was cell volume modulation (18). The

same calcein quenching assay (63) adapted for optical microscopy was used to compare the water transport
effects of SP, SMP, and LMP stimulation. SP stimulation evoked location-dependent cell swelling and
shrinking processes in astrocyte cultures (Figure 6.9B) (18). Stimulating cells with SMP and LMP
protocols disproportionately drove cell swelling (Figure 6.9A, C-E). SP stimulation drove swelling in
75.14 + 3.22% of exposed cells and 21.20 + 4.26% shrinking (Figure 6.9E). SMP and LMP stimulation
resulted in 99.56 + 0.3% and 98.84 + 0.71% of irradiated cells swelling, respectively (Figure 6.9E). The
magnitude of IR-evoked volume changes with SP-induced cell shrinking is not significantly different from
SMP or LMP-evoked swelling (Figure 6.9F). SP-evoked cell swelling was significantly less than that of
multipulse stimulation (Figure 6.9F). SMP and LMP stimulation yielded too few shrinking cells to compare
to SP-evoked shrinking magnitudes rigorously. However, the magnitude of cell swelling and shrinking for
SMP and LMP stimulation were not significantly different (Figure 6.10&B).

The time-to-peak of cell swelling is significantly lower (i.e., faster) than that of cell shrinking across
all stimulation protocols (Figure 6.9G & Figure 6.10C&D). The stimulation protocol evokes a different
area of cells responding, with SP stimulation activating the smallest and LMP activating the largest area of
cells (Figure 6.9H) — similar to observations with Ca®* responses. However, water transport responses'
activation area was significantly larger than Ca?* responses across all stimulation conditions (Figure
6.11B). Swelling responses showed significantly faster response times (i.e., lower time-to-peak) than their
Ca?* responses across all stimulation protocols (Figure 6.11A). Except for LMP stimulation, SP and SMP
stimulation showed no significant difference in response dynamics between shrinking and intracellular Ca?*

response speeds (Figure 6.11A).

6.5 Discussion

This study aims to compare astrocyte physiological responses to different pulsed IR stimulation
protocols in vitro. We previously published the effect of 8 ms single pulse stimulation, or SP, on rodent
primary astroglial cultures (18). With SP stimulation, cells respond with transient increases in [Ca**];; IP3R
and TRP channels were the molecular mediators identified. Expression of AQP4 shaped SP-evoked [Ca?];

responses. SP stimulation drove bidirectional cell volume changes in vitro. Prior work from our group
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Figure 6.9: Cell swelling and shrinking triggered by different stimulation protocols

(A) Representative traces of calcein fluorescence recorded in rat astrocytes representing fluorescence
somatic response to an infrared pulse. Red line marks the timepoint at which laser pulse was delivered.
(B, C and D) Spatial map of fluorescence changes following a (B) single pulse, (C) short multipulse, and
(D) long multipulse. (E) Bar plot depicting relative number of cells responding with increases in calcein
fluorescence associated with cell swelling (flat bars) and decreases in calcein fluorescence associated
with cell shrinkage (patterned bars) for single pulse, short multipulse and long multipulse. (F) Bar plot
showing the absolute value of average maximum dF/F for single pulse (flat bar: swelling, patterned bar:
shrinkage) short multipulse, and long multipulse stimulations. (G) Bar plot presenting the time to reach
the maximum dF/F (time-to-peak) for single pulse (flat bar: swelling, patterned bar: shrinkage) short
multipulse, and long multipulse stimulations. (H) Bar plot representing the total area of cell responding
with increases and decreases in calcein fluorescence to single pulse, short multipulse and long multipulse
stimulations. Data are reported as mean and SEM. Student's unpaired t-test,* p < .05,**p < .01,

***p < .001.

145



0.06 0.06

0.05] 0.05

Short MP Long MP
Cc ° D 9

EEK

Y
]
E=Y
=]

[
[e=]

Time to peak (s)
(5]
(=]

Time to peak (s)
] (5]
Q (=]

—
]

—

=]

(=]
(=]

Short MP

Il sveling /) Shrinkage

Figure 6.10: Cell volume regulation dynamics evoked from multipulse stimulation

(A) Bar plot showing the absolute value of average maximum calcein dF/F for short multipulse for
Calcein fluorescence increase (flat bar) and calcein fluorescence decreases (patterned bar). (B) Bar
plot showing the absolute value of average maximum calcein dF/F for long multipulse for Calcein
fluorescence increase (flat bar) and calcein fluorescence decreases (patterned bar). (C) Bar plot
depicting average time-to-peak for cells swelling (flat bar) and cells shrinking (patterned bar) for
short multipulse. (D) Bar plot depicting average time-to-peak for cells swelling (flat bar) and cells
shrinking (patterned bar) for long multipulse. Data are reported as mean and SEM. Student's unpaired
t-test,* p <.05,**p < .01, ***p < .001.

detailed SMP-evoked Ca?* signals in rat somatosensory cortex in vivo (4). SP stimulation could not elicit
calcium responses in vivo without damaging tissue. Developing the SMP stimulation sought to target
heating neuronal cell bodies in deeper cortical layers without superficial tissue damage. Current in vivo rat

and non-human-primate brain studies continue to use SMP stimulation (1, 3, 4, 28, 29, 31).

Prior work described SMP-evoked Ca?* responses in vivo with a fast and a slow component
sensitive to a glutamate receptor antagonist and aerobic metabolism inhibitor, respectively (4). Neuronal
Ca? responses were attributed to faster signals, while astrocyte responses were attributed to slower signals.
Astrocyte sensitivity to SMP stimulation remained unclear from this work. Our results show that different

IR dosing strategies act through distinct molecular signaling pathways in astrocytes.
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Figure 6.11: Comparison of astrocyte Ca2+ responses and regulatory volume dynamics evoked
by single and multipulse IR stimulation
(A) Bar plot showing time-to-peak for calcium imaging (light) and calcein (dark) experiments (flat:
swelling, patterned; shrinking) for single pulse, short multipulse, and long multipulse stimulations.
(B) Bar plot depicting total area of cells responding for calcium imaging (light) and calcein (dark)
experiments. Data are reported as mean and SEM. Student's unpaired t-test,* p < .05,**p < .01,
***p <.001.

SMP and LMP stimulation of astrocytes revealed a unique dose-dependent response not observed
with SP stimulation. More stochastic activation (i.e., increase median and variance of peak response times
- Figure 6.3) after subthreshold SMP and LMP stimulation leaves questions to address. While this work
focused on threshold-level bioeffects that elicit concerted Ca?* responses, subthreshold response dynamics
were not fully explored. Pharmacology and electrophysiology would address whether this phenomenon acts
through similar pathways to threshold stimulation. Driving different signaling pathways with subthreshold
SMP and LMP stimulation would suggest additional INS applications in studying astroglial physiology.
More work is needed to address such questions. However, stochastic astrocyte calcium dynamics may be a
powerful tool to drive astrocytic physiology for specific research questions. Subthreshold activation of
astrocytes with SMP and LMP stimulation still required substantially higher radiant exposures than
threshold SP stimulation. This discrepancy may be attributable to the added inter-pulse cooling and thermal
diffusion involved in SMP and LMP stimulation, but a biomolecular explanation warrants additional

experiments.

While the general shapes of astrocyte Ca®* responses to SP, SMP, and LMP stimulations were
nearly indistinguishable (Figure 6.1E&F), numerous differences became clear with pharmacology. SP
stimulation primarily drives the release of intracellular Ca?* stores with comparatively minor contributions
from extracellular Ca** entry (Figure 6.4B&C). Both SMP and LMP stimulation primarily drive

extracellular Ca?* entry (Figure 6.4E-F, H-1). This is further reflected by the increased conductance at
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positive holding potentials after LMP stimulation, implicating Ca?* or Na* currents. Intracellular Ca?*
release shapes SMP and LMP Ca?* responses. The delayed time-to-peak in SMP and LMP responses with
0[Ca?, solution suggests extracellular Ca?* involved in initiating responses (Figure 6.6B&C). Use of 2-
APB delayed multipulse time-to-peak responses. However, 2-APB can sensitize TRPV1 activation, leading
to delayed Ca?* responses (64). Sensitization would not impact SP stimulation results as TRPV1 seems
uninvolved in SP-evoked Ca?* responses (Figure 6.8A-C). Activating IP3R cannot be entirely ruled out in
initiating SMP and LMP evoked responses, but the results differ from SP stimulation. Off-target activation
of TRPV1 by 2-APB could contribute to the MP-evoked response magnitude decrease by sensitizing cells
to respond through TRPV1. Sensitization of TRPV1 could also explain the non-significant increase in the
number of cells responding to SMP stimulation (Figure 6.4F). Nevertheless, IP3Rs partly mediate SMP
and LMP evoked responses in astrocytes (Figure 6.4E&H). The sensitivity of different TRP isoforms to

different temperature dynamics may also influence evoked Ca?* responses.

Modulatory receptor antagonists on cell calcium responses to SMP and LMP stimulation further
implicates IP3R activation (Figure 6.7E-F&H-1). Blocking gap junctions and hemichannels with CBX had
a limited impact on SP Ca?" response dynamics, though it did have a substantial impact on SP activation
probability (Figure 6.4B&C). Conversely, the fluorescence intensity attenuation with CBX on SMP and
LMP stimulation was substantial (Figure 6.4E&H). CBX can block modulatory molecule release from
hemichannels and P2X7 (51). The results suggested that SMP and LMP may be driving modulatory
receptor activation or possibly molecule release. In this respect, it should be noted that CBX can block
volume-regulated anion channel (VRAC) currents that are known to mediate gliotransmitter release (50,
65, 66). INS-evoked volume changes could activate VRACs. In this set of patch-clamp experiments, we
used intracellular saline with CsCl, which fails to distinguish if chloride conductance is changed
concomitantly with the cationic ones. Patch-clamp experiments with Cs-gluconate or knock down of
Leucine-reach Repetitive Containing 8-A (LRRC8-A) channel unit of VRAC (65) are needed to clarify
VRAC contributions to the observed effects.

Blocking P2X7 receptors with BBG decreased response magnitude across all stimulation methods
(Figure 6.7B, E&H) and reduced activation probability to SMP and LMP stimulation only (Figure 6.7C,
F&I). P2X7Rs activate phospholipase-C (PLC) directly and indirectly in rodent cerebellar astrocytes in
vitro (67). Activating PLC could explain how intracellular Ca?* release is implicated in all three stimulation
protocols. SMP and LMP stimulation activated multiple types of membrane receptors (Figure 6.7D-1).
Conversely, SP-evoked responses were only sensitive to receptor antagonists for P2X7R —an ATP receptor
sensitive to many known stimuli (68, 69). Cholesterol presence affects the activation and sensitization in

human and rodent P2X7 by altering cell membrane properties to allow pore formation (69). Neuronal INS
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nonspecifically evokes an inward capacitive current by increasing cell capacitance, decreasing cell
membrane thickness, and altering cell membrane physical properties (17, 37, 38). Lipid bilayer dynamics
would explain P2X7R involvement in all three stimulation protocols. Blocking P2X7R delayed response
time-to-peak across all stimulation protocols (Figure 6.6D-F), suggesting its role in initiating Ca?*
responses. SMP-evoked response sensitivity to suramin suggests that other P2 family receptors may be
involved. However, ATP activated receptors are not the only receptors implicated in SMP and LMP
stimulation responses. Blocking mGlul, AMPA, and NMDA receptors attenuated responses to SMP and
LMP stimulation (Figure 6.7E-F&H-1). These results support the role of modulatory molecule release due
to MP stimulation. However, we cannot rule out their activation by other means. AMPA and NMDA
receptor activation from supports the observation of MP-evoked extracellular Ca?* influx. Blocking GABAs
receptors reduced SMP-evoked activation probability, but not for SP or LMP stimulation (Figure 6.7F).
Further studies are necessary to validate the release of molecules with SMP and LMP stimulation protocols.
Activating modulatory receptors with multipulse stimulation has major implications for targeted control of

astrocyte physiology.

Several TRP family ion channels shape SP, SMP, and LMP evoked responses. TRP channels act
as cellular sensors for a broad spectrum of physical such as voltage changes, temperature changes,
mechanical stimuli, and chemical stimuli (70). Several mechanisms could explain the activation of this
superfamily of ion channels with infrared stimulation from temperature changes and lipid dynamics to

changes in cell volume.

The TRPV4 and TRPAL channels shape SP-evoked Ca®* responses (18). Since blocking TRPA1
delayed SP-evoked responses, it may help initiate responses. TRPA1-mediated Ca?* entry raises [Ca?*]i and
can drive Ca?*-induced-Ca?*-released through IP3R. Activating IP3R could further sensitize TRPV4 to cell
volume changes driven by infrared light (18). Activation of TRPV1 by SP stimulation was not observed
(Figure 6.8B&C). TRPA1 and TRPV1 shape SMP-evoked responses (Figure 6.8E&F). However, TRPV1
seems to help initiate the response to SMP stimulation - capsazepine delays SMP-evoked responses (Figure
6.6H). Applying HC030031 to block TRPAL delays SMP-evoked responses slightly (Figure 6.6H).
Interestingly, applying A425619 to block TRPV1 vanillin and heat activation does not attenuate SMP-
evoked responses. This observation was surprising considering the thermal effects of IR stimulation. While
capsazepine significantly reduced SMP activation probability, A425619 and 2-APB significantly increased
SMP activation probability (Figure 6.8F, Figure 6.4C). Activating TRPV1 is a unique effect of SMP
stimulation, suggesting IR light can act through distinct molecular signaling pathways in cultured

astrocytes.
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LMP stimulation was sensitive to blocking TRPV4, TRPAL, and TRPV1. Similar to SMP
stimulation, capsazepine increased LMP-evoked time-to-peak (Figure 6.61), suggesting TRPV1 helps
initiate LMP-driven Ca?* responses. Capsazepine also reduced LMP activation probability (Figure 6.81).
However, applying A425619 did not change response dynamics and non-significantly increased LMP
activation probability (Figure 6.8H&I). Interestingly, using HC030031 to block TRPA1 significantly
increased LMP activation probability (Figure 6.81) — similar to A425619 affecting SMP responses. Given
TRP channels' polymodal sensitivity, it is difficult to answer how exactly infrared stimulation will act on
them; additional methods and further experiments would be necessary. However, the power of multipulse
stimulation of driving calcium responses is apparent. Acting through TRP ion channels positions MP
stimulation as a promising tool to study astroglial microdomain activity in vivo, where TRP channels have
a crucial role. Using SP, SMP, or LMP to recruit different TRP activities provides a valuable tool in

studying these channel's roles in astrocyte physiology more broadly.

Using SMP and LMP recruits VGCCs, but SP stimulation was unaffected by verapamil. This
finding was curious, as it was initially suspected that the well-characterized electrodynamics of SP
stimulation (17) would more likely actuate voltage-gated channels. However, the electrical properties of
astrocytes differ greatly from neurons (25); thus, fast capacitive currents from SP stimulation may not
impact astrocyte physiology like they do neurons. Much like P2X7 (69), VGCCs are sensitive to membrane
composition and physical properties (71). The current biophysical model of IR stimulation suggests that
membrane physics is crucial to how IR light can depolarize charged lipid membranes (37, 38). Despite SP-
evoked depolarization, intracellular Ca?* release blocks VGCC function (72). The sensitivity of VGCCs to
[Ca*]i could explain verapamils differing effects on different IR-evoked responses (Figure 6.8B&C).
Infrared-mediated nonspecific heating effects on molecular biophysics is a topic that warrants further

exploration.

Astrocytes are critical players in the regulation of the extracellular milieu composition and space.
They can adjust their cytosolic volume via water transport in response to various stimuli (73), impacting
neuronal communication. SP stimulation evokes swelling and shrinking in astrocyte cultures with strong
spatial dependence (Figure 6.9C&D) (18). Meanwhile, SMP and LMP stimulation overwhelmingly drove
cell swelling (Figure 6.9E-H). Selectively modulating cell volume dynamics — both swelling and shrinking

— optically with such spatial precision is unprecedented, and it is the major novelty of the present work.

Interestingly, the swelling and shrinking responses substantially outpace Ca?* signals (i.e., lower
time-to-peak), particularly for cell swelling (Figure 6.11A). The latter result is in line with calcium and

water dynamics observed when astrocytes are exposed to hypotonic and hypertonic solutions (43, 58, 63).
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Water transport may precede or induces calcium signaling. These results align with the proposed
biomolecular mechanism for SP stimulation, where water flux into the cell drove astrocyte responses to IR
light (18). The mechanisms of water transport evoked by INS are not clear. Stimulation could evoke passive
or active water transport; however, discerning between the two is not trivial. Water molecules could
passively transit the extracellular membrane as water temperature increases and the cell membrane thinning
with heating (37, 38). However, the breadth of water transport processes in astrocytes suggests these effects
are likely to be multifaceted (19). We could rule out the possibility that the SP, SMP, or LP cause membrane
poration to allow for water flux. Typically, dynamics mediated by simple diffusion of water across the
plasma membrane are slower than those observed here (43, 63). We have previously shown that the
expression of AQP4 can critically alter the onset of calcium responses to SP (18). However, AQP-4 effects
on SMP and LMP stimulation were not tested. Experiments targeted to address these questions would help
clarify the water transport processes triggered by IR stimulation. For SMP and LMP stimulation, we
hypothesize that water entry is triggering the Ca?* response of astroglial cells. Selectively modulating cell
volume dynamics — both swelling and shrinking — optically with such spatial precision is unprecedented.
High spatial control over water transport in astrocytes provides a potentially powerful tool in studying
osmoregulatory processes in the brain, which have implications for high burden neurological conditions
associated with traumatic brain injury, Alzheimer's disease, or epilepsy (74).

Our results demonstrate that simply changing the irradiation-time profile of IR stimulation can bias
astrocyte water transport and Ca?* responses through different molecular pathways — free of genetic
manipulation or the need for changing stimulation wavelength. Label-free optical modulation approaches
offer practical advantages. For example, optogenetically driving astrocyte extracellular and intracellular
Ca? flux currently requires distinct channelrhodopsin and melanopsin-based modulators (75). Transfecting
astrocytes with two optically sensitive cationic channels reduces the spectral bandwidth for using functional
fluorescent probes. With a label-free approach to astrocytic modulation, the entire visible spectrum becomes
available for multiplexing a broad palette of functional fluorescent probes. With the growing palette of
fluorogenic reporters available, moving optical stimulation methods outside the visible spectrum opens the
door to answer new neuroscience and glial biology questions. Many aspects of IR stimulation on non-
neuronal cell types in the brain (e.g., oligodendrocytes, microglia) remain unstudied. Nonetheless, IR

stimulation provides a promising tool to study multicellular brain function.

IR stimulation may be a helpful tool for studying multicellular communication in vivo. In the brain,
microglia, oligodendrocytes, and neurovascular-associated cells will influence tissue responses to IR
stimulation. In the peripheral nervous system, Schwann cells' role in axonal responses to INS remains

unstudied. However, the primary drawback of label-free neuromodulation tools like INS is the lack of cell-
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type specificity — which must occur through spatial targeting or dosing. Isolated cultures like those in this
work provide a fruitful opportunity to explore dosing considerations, though they differ substantially from
in vivo conditions. Phenotypic differences between astrocyte cell cultures and tissue models are well
documented and warrant consideration (25). There is no guarantee that our observations will be consistent

in vivo — there are too many variables to speculate.

The stark differences in pharmacological effects across stimulation types suggest that SP, SMP,
and LMP stimulation recruit different mechanisms. The nature of the direct and latent effects of IR light
remains unclear. Physically, the temperature elevation from SMP and LMP stimulation is higher than that
of SP stimulation. However, the temperature rise of SP stimulation takes place over 8 ms, while the heating
dynamics of SMP and LMP stimulation are orders of magnitude slower. Studying temperature-time
dynamics on cells and tissue remains challenging because of the breadth of parameter space. There could
be effects of temperature on cell membrane structure, ion/solvent interactions, reaction Kinetics,
metabolism, protein expression, and many more unexplored factors. Despite the lingering questions, the

presented work clarifies that these different approaches to stimulation are not the same.

If our observations are consistent in vivo, neurological signals may present differently based on
anatomic location. While activation of neurons directly with pulsed IR light is likely (4, 31), it appears
plausible that glial release of modulatory molecules could suppress, exaggerate, or even wholly alter
baseline neuronal responses and downstream circuitry. Excitatory and inhibitory effects are documented
with INS in vivo (1). SMP stimulation evokes hemodynamic responses in vivo (3, 76). While our results
offer additional clarity to the involvement of astrocytes in vivo, we provide substantial motivation to study
INS-evoked glial dynamics in vivo. It is unclear whether neurons, astrocytes, or other brain cells are the
primary drivers of neurological responses to INS in vivo. Similarly, aspects of astrocyte physiology remain
entirely unstudied. Hemodynamic responses, metabolic changes, and immune reactivity may influence
acute and chronic tissue responses to INS. These gquestions emphasize the importance of considering other
cell types in the brain. The translational impact of neuromodulation technology relies on a deep
physiological understanding of the brain. INS may provide a useful approach for such investigations

moving forward.

While our results raise some new observations in the INS research, there are several limitations to
consider. Apart from the lack of cell selectivity previously discussed, the lack of commercially available
turn-key IR stimulation systems is a leading barrier. Laboratories currently need to build laser systems in-
house, which leads to substantial variability between systems based on different budgets, diode form

factors, output wavelengths, spectral bandwidths, power overhead, and thermal load management. When
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power overhead is severely lacking, illumination duty cycles are limited for thermal stability. Here we show
that different stimulation approaches might evoke different physiological phenomena. The data shown here
serves as a caution to users when comparing studies from different groups utilizing different stimulation
approaches. Consideration must be given to the electrical, thermal, and biomolecular dynamics driven by
different stimulation protocols. Furthermore, INS parameter space is widely tunable. Control over peak
power, wavelength, pulse widths, temporal pulse shape, number of pulses delivered, and laser output
bandwidth exponentially scale optimization potential. Computational models of INS biophysical and
biomolecular dynamics will provide invaluable resources for optimizing the INS parameter space for
different applications (77). Several models currently exist to study specific biophysical aspects of INS.
Leveraging these model combinations to optimize neuromodulation deployment remains to be
demonstrated. Our results highlight the need to characterize the parameter space available to dosing pulsed
IR light for neuromodulation. Furthermore, we show that stimulation with SP, SMP, and LMP protocols
are not interchangeable — as they act through distinct molecular pathways in astrocytes. Frameworks for

dosing considerations and a thorough understanding of IR dosing on cell physiology are needed.

6.6 Conclusion

Changing dosing strategies of pulsed infrared light drive distinct biomolecular signaling pathways
in cultured rat astroglia. Optically targeting different biomolecular pathways in a label-free manner offers
a unigue opportunity to study astroglial physiology in a spatially targeted fashion. Cell swelling and
shrinking dynamics were observed with different IR dosing strategies, suggesting potential in studying
osmoregulatory processes in astroglia. Different stimulation strategies preferentially evoke intracellular
release or extracellular influx of calcium in astrocytes. Multipulse stimulation uniquely drives modulatory
receptor activation in astrocytes. Despite its flexibility, our results suggest that the disparity in IR
stimulation paradigms across the INS literature warrants careful consideration. Furthermore, this work
emphasizes the need to consider how neuromodulation impacts non-neuronal cell function. Much work
remains to realize a complete understanding of IR stimulation's physiological effects on the brain.
Nonetheless, label-free optical stimulation of brain cells with infrared light provides a powerful research

tool towards understanding the brain from a multicellular perspective.
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CHAPTER 7:
SUMMARY AND CONCLUDING REMARKS
7.1 Summary of Dissertation and Major Conclusions

7.1.1 Summary of Dissertation Findings
The goal of this dissertation was to gain mechanistic insight into how infrared light modulates

neural cells. Understanding INS phenomena paves the way for studying directed energy neuromodulation
methods while laying the groundwork for future innovations in the field.

Previous evidence about astroglial sensitivity to INS raised questions about its cellular specificity
and research utility (1). Part of this dissertation provides the first demonstration of direct astroglial
sensitivity to SWIR light pulses. Astrocyte biology research currently lacks sufficient tools to control cell
function with high spatial and temporal specificity. Latent effects from infrared light differentially drives
water transport processes in astroglia by changing dosing parameters. This work highlights just one example
of applying INS towards studying astroglial physiology in new ways with improved temporal and spatial
control. The direct and latent effects of IR light known on neurons and now astrocytes provide important
mechanistic insight into the mechanistic basis of INS. The lack of cell-type specificity in driving cellular

activity suggests a mechanism that reaches beyond cell phenotype and protein expression.

The hypothesized direct effects of INS on extracellular membrane dynamics explain why many
different cell types could respond to INS. Modulating cell membrane physical properties alters cellular
function in ways that are cell-type dependent and difficult to predict. In neurons, IR modulation on cell
electrodynamics drives action potentials. Though in another cell type, the electrodynamic effects of IR light
may be secondary to latent evoked molecular processes. While different cell types perform their functions
based on their phenotype, the cell membrane provides a universal route for modulation of cell function.
Still, much of today’s understanding of live-cell lipid dynamics draws from biomimetic preparations and
destructive experimental methods. Traditional techniques to study lipid dynamics directly in live neural
cell models are limited in their application to INS because of its high spatial and temporal dynamics. This
dissertation demonstrates the novel applications of multimodal nonlinear microscopy to directly study the
biomolecular dynamics of lipids in live neural cells during INS. The data shown in this dissertation
highlights the nonspecific mechanism of INS and the crucial influence it can have on a range of

physiological responses in neuronal and non-neuronal cells.

All cells have lipid bilayers that serve crucial structural and functional roles. Photothermally

mediated cellular modulation can impact virtually any cell type. Previous work demonstrated this idea
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electrodynamically and functionally (2-5), but the molecular implications of INS beyond that of neurons
remain unknown. The currently accepted mechanistic model of INS hinges on critical assumptions about
phospholipid dynamics derived from observations in idealized lipid bilayer preparations (6-14). These
chemo-physical changes informed a computational model to deduce photothermal-induced
electrodynamics in live cells (15). The computational model accurately predicted experimental
measurements (2). The critical assumptions of this model remain to be validated in live-cell models — let
alone neural cells. Standard techniques for measuring lipid membrane dimensions (e.g., x-ray diffraction,
small-angle neutron scattering) are nonspecific in biological contexts and are not live-cell compatible (11,
16, 17). Live-cell fluorescent probes with lipid-sensitive photophysical properties are widely available but
inherently provide an indirect readout of lipid interaction with exogenous fluorescent molecules (18-20).
Methods for directly measuring real-time lipid dynamics in live cells exist but have yet to be widely adopted

for live-cell imaging.

The work outlined in Chapter 3 describes a multimodal microscopy platform with high spatial and
temporal resolution capable of integrating vibrational spectroscopic, functional fluorescence, and black-
body thermal imaging on a flexible range of neurological samples. Vibrational spectroscopic contrasts
provide a direct characterization of biochemical dynamics — particularly of lipids —in live cells. Meanwhile,
fluorescence provides a functional readout of cellular physiology with commercial molecular probes.
Thermal imaging offers direct physical thermodynamic information correlated in space and time with other
optical measurements. The MANTIS platform is a multimodal optical microscopy system that integrates
practically incompatible contrast mechanisms without sample repositioning. The MANTIS platform
combines nonlinear optical contrast from CARS, SRS, MPF, and SHG microscopy in the NIR wavelength
regime with black-body thermal imaging in the SWIR wavelength regime. MANTIS is the first system to
integrate thermal and nonlinear contrasts into a common microscopy platform, which provides a unique
opportunity to study the effects of temperature and functional biological dynamics with high temporal
resolution. Chapter 3 demonstrates the utility of combining functional cellular information, biochemistry,
and black body thermal imaging to study photothermal damage related to INS. Multimodal imaging of
neurologically relevant model systems highlights the breadth of structural and functional information
combined by nonlinear and thermal imaging. Such a platform offers the powerful potential to combine
functional, biomolecular, and physical measurements across in vitro and in vivo model systems. The
inherent flexibility of MANTIS enables users to adapt the platform to suit unique research needs. This work
also describes practical considerations for biological black-body thermal imaging, which remains sparsely

available in the literature.
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Chapter 4 presents work that employs the MANTIS imaging system from Chapter 3 to study the
effects of lipid dynamics in differentiated immortalized neuronal cells, NG108-15. Hyperspectral
stimulated Raman scattering (hsSRS) microscopy in the C-H stretch band provided insight into lipid-
specific molecular interactions. To obtain hsSRS imaging data, the characterization and circumvention of
thermally induced defocusing artifacts with high-numerical-aperture microscopy were necessary. By
combining a novel focus precompensation approach with hsSRS, we obtained vibrational spectra of NG108
cells during INS at sub-second resolution. Spectral signatures highlight shifts in resonances primarily
attributable to trans-gauche isomerization of alkyl chains of fatty acid tail groups in lipids. Spectral changes
correlated with the level of radiant exposures delivered to cells for INS, suggesting that these chemical
dynamics are likely involved in the underlying biophysics of INS. A modified intensity-insensitive general
polarization metric for di-4-ANNEPS ratiometric fluorescence was developed to validate vibrational
spectral observations. These observations provide direct support for the chemo-physical deformations in
the lipid membrane suspected to drive INS. Additionally, the methodologies laid out in this work provide
a valuable framework for directly studying high-speed lipid dynamics in biological models. These
observations emphasize the role of lipids in the biophysical mechanisms of INS which are broadly
generalizable to cell types beyond neurons. Such an experimental approach provides another valuable tool
for studying lipid biophysics. As the methodological and technical development of hsSRS continues, the
potential value of the information afforded by such experiments is likely to grow.

Previous work shows that astrocyte calcium dynamics are involved in rat somatosensory cortex
responses to INS but stopped short of clarifying the basis of astrocyte calcium responses (1). Chapter 5
leveraged pharmacology and widefield calcium-sensitive fluorescence microscopy to characterize the
calcium responses of rat primary cortical astrocytes to INS, independent of the influence of neuronal and
vascular dynamics. Astrocytes are independently sensitive to single 8 ms pulses of infrared light in vitro.
Infrared light drives the release of intracellular calcium stores through IP3R activation, with cation channels
TRPV4 and TRPA1 shaping calcium dynamics. These molecular signaling processes are latent effects that
manifest after IR exposure. Critically, IR light forced both astrocyte swelling and shrinking in a spatially
dependent manner. Water transport is a crucial physiological function of astrocytes in the healthy brain.
Tools to study water transport in a spatially selective manner are currently lacking. The work in Chapter 5
demonstrates the potential utility of INS for driving astrocyte water transport to investigate their functional

involvement in healthy and diseased brain tissue.

Building on the findings in Chapter 5, Chapter 6 studied how different dosing strategies commonly
employed for INS by other groups drove astrocyte physiological responses. In the INS literature, different

model systems respond differently to similar stimulation conditions. Different methods of IR stimulation
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can be more or less effective in different model systems. For example, short multipulse stimulation (SMP)
evoked vascular, calcium, and electrical signals in rat and nonhuman primate cortical tissue in vivo (1, 21).
Similar pulse parameters over longer timeframes stalled neural signal propagation in the rat and Aplysia
peripheral nervous systems (22, 23). Furthermore, stimulation parameters used across various studies and
laboratories appear to evoke a convincing variety of neural activity despite their dissimilarities in approach.
Intense single pulses of infrared light, typically 1-10 ms in duration, are employed in vitro and peripheral
nerve stimulation in vivo (4, 24-32). In the brain, brief (~500 ms long) bursts of intense but short (~250 us
long at a 200Hz repetition rate), IR pulses typically evoke functional responses in vivo (21, 33-36). In the
feline and guinea pig cochlea, trains of even shorter (<100 ps) pulses of IR light drove audition in vivo (37—
41). No published study has sought to compare the effects of these different stimulation conditions on the
physiological dynamics of a particular model system, let alone at the biomolecular signaling level. Given
the crucial role of astrocytes and their abundance in the brain, Chapter 6 focused on characterizing astrocyte
physiological responses to INS. Pharmacology and widefield fluorescence imaging of calcium and cell
volume-sensitive reporters were used to compare multiple types of IR stimulation. Multipulse stimulation
strategies typically employed for in vivo brain models appear to drive extracellular calcium entry into
astrocytes primarily — the opposite of that observed with single pulse stimulation in Chapter 5. Furthermore,
neuromodulatory receptors activation (e.g., glutamate, GABA, ATP) impacted astrocytic responses to
multipulse stimulation approaches. Blocking neuromodulatory receptors did not affect single-pulse
stimulation responses. Multipulse stimulation was sensitive to blocking hemichannels with carbenoxolone.
Collectively, the astrocytic release of neurotransmitter molecules due to INS is a possible explanation.
Critically, multipulse stimulation disproportionately drove cell swelling — rather than both shrinking and
swelling with single-pulse stimulation. The onset times of cell swelling were noticeably quicker than
calcium dynamics. This work highlights the curious but critical role INS parameter space plays in evoking
physiological dynamics. The ability to bidirectionally drive cell volume changes in a spatially selective
manner suggests that pulsed IR modulation of astrocyte physiology could play a crucial role in studying
water transport physiology with unprecedented spatial and temporal precision. These results position INS
as a powerful research tool for brain and glial physiology. However, these results also raise concern for the
broad range of stimulation parameters used across the INS literature which may not be driving identical
physiological processes. This comparison of stimulation conditions had yet to be demonstrated in any live
cell model until now, and the results critically highlights the need for its consideration in interpreting

experimental results.

In summary, this dissertation describes three overarching core advancements. First, a novel

multimodal imaging system was developed for studying photothermal and biophysical phenomena of fast
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manipulations like INS. Using this multimodal imaging platform — specifically with vibrational
spectroscopic contrast — the second advancement this dissertation provides is the first direct observations
of lipid dynamics occurring in live neural cells during INS. Third, the later portions of this dissertation
describe the latent molecular basis for astrocytic sensitivity to pulsed infrared light. Collectively, these ideas
highlight the importance of considering the intersection of thermodynamics and molecular biology towards
shaping cell and tissue physiology. With INS, neuronal and astrocytes sensitivity to infrared light
demonstrates this. Lipid dynamics of cell membranes serve as the vital concept linking these two schools
of thought. While interest in the role of lipid membrane dynamics on biological processes is rapidly
growing, there is a clear need to improve our collective understanding of such phenomena. The work in this
dissertation provides a glimpse of how manipulating such properties of biological systems could be used

for research or therapeutic purposes.

7.1.2 Implications
The core finding of this dissertation affirms the involvement of lipid bilayer biophysics in the

underlying mechanism of INS. These findings provide the groundwork to compare future translatable
neuromodulation technologies. Developing methods to leverage lipid dynamics specifically may be
invaluable in improving existing label-free neuromodulation capabilities. High spatial resolution
neuromodulation with INS enables the study of high-resolution brain connectivity. Optical
neuromodulation methods provide a valuable set of tools to study neural models in a fast and targeted way.
The more we understand the biophysical basis of neuromodulation technologies, the more potential there
is for innovation and applications that can push neuroscience research and clinical neurology forward in
meaningful ways. The ideal system of optical neuromodulation would have stimulation capabilities
approaching subcellular resolution deep into live tissue and millisecond-level temporal resolution. Adding
similar capabilities to readout cell electrodynamics further complicates these goals. While no current
technologies offer such capabilities, parts of these capabilities exist in isolation. Directed energy
neuromodulation with RF or ultrasound can noninvasively target deep brain structures in humans. These
methods currently lack the high spatial and temporal resolution offered by electrical and optical means.
Meanwhile, optical and electrical methods that achieve high spatial and temporal resolution rapidly become
invasive to interrogate beyond the most superficial portions of the cortex. However, it is conceivable to
target deep brain structures with a systemically deliverable and safe subcellular switch that is orders of
magnitude more sensitive to optical energy than current opsin-based molecules. Optimizing switches to be
more sensitive to deeper penetrating forms of energy like NIR light, RF, or ultrasound could be used to
generate focal heating of molecular actions that force cell depolarization via cell membrane deformations.
Groups have designed hyper-sensitive opsins to facilitate deep brain optical stimulation in vivo (42). Others

have leveraged localized heating of nanoparticles conjugated to neuronal cell membranes with NIR light to
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achieve cellular stimulation (43, 44). Nanoparticle-assisted NIR stimulation can stimulate brain activity
deeper or more noninvasively than previously (45). Groups have used RF-sensitive opsin derivatives to
modulate aspects of cellular physiology (46). Research into pharmacological interventions with deep-brain
ultrasound stimulation is actively underway (47). Many of the pieces of knowledge to make an ideal
neuromodulation tool are available. It may only be a matter of time before we can tease apart complex
behaviors in animals at the cellular and connectome levels in the brain. Such capabilities would continue
to revolutionize the way neuroscience research is currently done. Extending this further into label-free

methods of neuromodulation could change the face of clinical psychology and neuroscience research.

The ability to independently modulate astrocytes has implications for research and clinical
use. The nature of the photothermal basis of INS suggests that tissues are susceptible to collateral heating
effects. Astrocytic sensitivity to INS is a crucial consideration to have for in vivo deployment of INS.
Additionally, the results in Chapter 5 begs the question of the potential impacts on neurovasculature,
neuroimmune cells, and neural progenitor cells. In a way, this work highlights many remaining questions
towards dealing with the nonspecificity of INS. Though the lack of cell-type specificity may be a drawback
in many cases, the counterpoint that IR light has the potential to modulate various cell types may be a
powerful practical tool for different areas of biomedical research. Label-free IR modulation may have some
exciting applications in epithelial and gastrointestinal biology, where cell membrane potential changes and
water transport drive many vital physiological processes. Nonetheless, the sensitivity of astrocytes to INS
suggests that IR light is a powerful tool to study specific physiological processes, such as water transport,

that warrant a crucial investment of research effort for its societal impact.

Using different IR dosing parameters to modulate distinct biochemical signaling pathways
in astrocytes is a crucial finding. Further investigation into the flexible parameter space INS offers is
needed. The implications of glia releasing neuromodulators are relevant to the ongoing debate around
gliotransmission. While modulation of IP3Rs with single IR pulses is an important lever in driving astrocyte
physiology (48-51), knocking out IP3R2 expression from astrocytes in mice nearly abolished astrocytic
somatic calcium responses. Animals without IP3R2 expression did not significantly impact neuronal
excitability, plasticity, or animal behavior (48-50). This work failed to consider the critical role of astrocyte
morphology and how calcium dynamics in distal projections of the cell operate distinctly from cell soma.
The calcium dynamics in distal microdomains of astrocytes appear to shape neuronal signaling (52-55).
Still, the possible release of neurotransmitters from astrocytes is a phenomenon that remains heavily
debated regarding its physiological relevance (51, 55). The release of neuromodulatory molecules from
astrocytes can undoubtedly have significant impacts on neuronal excitability. Since multipulse stimulation

is mainly applied in vivo to rats and nonhuman primates (1, 21, 33, 35, 36), the community must consider
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the implications of astrocytes on neural tissue responses in vivo. The same logic applies to modulating
vascular and immune activity through other non-neuronal cells (e.g., microglia, neural progenitor cells,
pericytes). While astrocytes are a vital mediator in vascular, immunological, and glymphatic physiology in
the brain, they are a small piece of the larger puzzle of brain structure and function. Though the findings
discussed here are in vitro, it provides the motivation to seriously consider multicellular responses to INS

in an in vivo context.

The work in this dissertation supports the role of lipid biophysics in INS but likely does
not provide a complete picture of the biophysics at play. The mechanistic basis of IR-based neuronal
stimulation appears to rely on the electrodynamics that results from thermally driven deformations of
charged lipid membranes. This mechanism fails to consider the tertiary effects of lipid biophysics on the
structure and function of transmembrane proteins. These proteins can include ion channels that may or may
not be sensitive to cell electrodynamics, as well as initiators of signaling cascades (e.g., GPCRs, G-proteins,
catalytic enzymes, structural support proteins). The structure of transmembrane proteins molecularly
interfaces with water molecules and extracellular membrane to allow for them to function adequately. The
biophysical properties of the membrane and surrounding water can directly impact the function of
transmembrane proteins independently of electrodynamics. The degree to which these effects impact
protein function will vary extensively depending on a protein’s structure and expression in a particular cell
type. Effects of IR light are difficult to anticipate, as it calls for combining molecular dynamics simulations
of biological membranes with structural and molecular biology. Further manipulating and expressing these
isolated transmembrane proteins in a way that leaves them accessible to studying their properties as a
function of temperature is not trivial. Multiplying this approach by the thousands of membrane proteins
that exist, the number of cell types of interest, the phenotypic variation in those cell types, and the
underexplored field of cellular lipid composition, the problem quickly becomes a daunting one to tackle.
This knowledge may be necessary for understanding some aspects of IR modulation in neural cells but are
likely to take some time before current research methodologies address these types of questions. Until then,
we must rely on empirical observation, understanding that our picture of the mechanism is likely to be
incomplete. Though as technology continues to advance, this knowledge may be accessible someday in

the future.

7.2 Recommendations and Future Directions

Throughout completing the work for this dissertation, numerous roadblocks were encountered and
addressed. Naturally, considering limitations is important in interpreting this work. Such limitations provide

an opportunity for future research to address the many questions as a logical extent of this dissertation. The
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following sections detail some lines of questioning that would add to the biophotonics and neuroscience

communities.

7.2.1 Technical implementations of spectral coherent Raman imaging

The spectral focusing approach detailed in Chapter 4 is inherently slow in the spectral dimension-
limiting its application of hsSRS to perturbations that are consistently repeatable. The published approach
works to obtain useful data for INS with limited observable hysteresis. However, using a time-resolved
spectral acquisition approach cannot visualize single-shot events like those of destructive perturbations. An
ideal implementation of spectral coherent Raman imaging would allow for a single-shot or near-single-shot
collection of coherent Raman spectra per pixel. There are some implementations of coherent Raman
imaging that would allow for such real-time data throughput. Techniques that use rapid optical path length
modulation hardware, temporal dispersion multiplexing, spectrographic, and frequency modulation could
improve data throughput capabilities for our approach (56-61). Each approach has benefits, but all are
substantially more complex and have yet to be implemented in biological models. Such hardware
adaptations without an idea for the applicability to biological models presents risks. However, more plug-
and-play solutions are likely to become available as the technology around bioimaging with coherent

Raman techniques continues to grow in popularity.

7.2.2 Expanded Contrast Modalities of MANTIS Platform
As it currently stands, performing CARS, SRS, MPF, SHG, and Thermal microscopies with video-

rate imaging capabilities are possible with MANTIS. Unpublished but tested capabilities of MANTIS show
that sum-frequency generation, transient absorption, three-photon fluorescence, and third-harmonic
generation microscopy are all possible with optimized optics. There are several additional modalities that
MANTIS could perform. This section details some of those potential avenues, their utility, and the practical

details to implementing such modalities with a focus on high-speed imaging.

Fluorescence lifetime microscopy (FLIM) is a method of contrast that measures the times
at which a fluorophore emits fluorescent photons following a photon absorption event. Biologically
speaking, FLIM is used primarily for measuring autofluorescence from metabolic cofactors NAD(P)H and
FAD, as well as Forster resonant energy transfer (FRET) probes that give insight into molecular interactions
in live cells. Single or multiphoton excited fluorescence configurations of FLIM are possible. Recent
advances in electronics hardware and photodetector technology have rapidly made FLIM more accessible
than ever. Traditional methods of FLIM rely on time-correlated single-photon counting (TCSPC) —it is still
regarded as the gold standard FLIM methodology. However, TCSPC remains relatively slow in practice.

Using similar hardware, direct sampling FLIM (dsFLIM) timestamps the detected photons via a high-speed
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field-programmable gate array (FPGA). Integrating dsFLIM onto MANTIS could be achieved on the
existing nonlinear imaging arm. Hardware additions would need to include high-speed photon-counting
detectors equipped with high-frequency bandpass filters, an FPGA-based data acquisition (DAQ) interface
capable of multichannel GHz sampling rates, and the software to control the data acquisition. Thorlabs does
offer a dsFLIM add-on compatible with MANTIS and readily interfaces with the existing image acquisition
software familiar to users. Capabilities for FLIM on MANTIS would offer a unique chance to study the
effects of INS on aerobic metabolism in neural cells. Neurons and astrocytes are inter-reliant on each other
for energetic needs, and the metabolic effects of INS have not been extensively studied. Furthermore, FRET
probes of cell physical properties and neurotransmitter binding could address the hypothesis of INS driving

gliotransmission phenomena that affect neurons.

Interferometric detection methods provide a powerful opportunity to image samples at high
spatial and temporal resolutions. Several groups have deployed interferometric approaches for observing
biophysical dynamics related to neural stimulation (62-64). However, much of these interferometric
approaches use nonspecific scattering contrast in live neural cells. Molecularly specific validations of these
observations have not been demonstrated. The hardware for interferometric methods of contrast (e.g.,
optical coherence tomography, quantitative phase imaging) are generally different from nonlinear optical
microscopy. The MANTIS platform offers an opportunity to directly correlate nonlinear and interferometric
imaging approaches by modifying the third imaging arm. Such an approach amounts to effectively building
an independent microscope and registering images in post-processing but may become helpful in addressing

specific biological questions.

The current iteration of MANTIS utilizes point-detectors in conjunction with laser
scanning to produce images on the nonlinear imaging arm. In many cases, full spectroscopic contrast may
address a particular research question that is not straightforward to adapt with point-based detectors.
Replacing one of the three point-based detectors with a fiber optic terminal connected to a dispersive
spectrometer would be the most obvious approach to obtaining spectral contrast on MANTIS. The need to
extend pixel dwell times to accommodate the reduced photon flux and detection efficiency with dispersive
spectrometers would be necessary. However, groups have performed broadband CARS spectroscopy in
similar configurations with 5ms pixel dwell times — 3 orders of magnitude slower than point-based
detectors. Spectrometer parameters can be optimized to improve detection speeds at the sacrifice of spectral
resolution. Nonetheless, these are all factors to consider when adapting MANTIS to address such research
guestions. Creative experimental design in conjunction with expanded hardware capabilities can make
MANTIS a sort of “swiss-army knife” of optical imaging platforms that improves imaging capabilities in

a confined footprint.
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Single-photon fluorescence imaging is not readily adaptable to MANTIS in its current
configuration. Often, single-photon fluorescence is better suited for addressing scientific questions where
multiphoton approaches are not straightforward (e.g., NIR fluorescence). The main limiting factors for this
are the illumination sources, detector configurations, detector sensitivities, and optical filter configurations.
The ultrafast laser sources used to generate nonlinear fluorescence can technically be repurposed for single-
photon fluorescence. The amount of single-photon excited fluorescence signal generated from ultrafast laser
excitation is too large to detect with MANTIS’s GaAsP PMTs. Laser scanning single-photon fluorescence
with continuous-wave laser excitation and confocal detection reduces photon flux at the detector by orders
of magnitude. Since the current configuration of MANTIS uses nondescanned detection, single-photon
confocal laser scanning fluorescence is not feasible. A detection module could be constructed and placed
behind the existing scanning optics MANTIS to allow for confocal single-photon detection — which would
need to be accompanied by exchanging dichroic mirrors for short-pass variants specific to the detection
wavelengths of interest. These additions quickly become costly - comparable to the price of a standalone
entry-level confocal microscope from a commercial manufacturer. Single-photon excited fluorescence
imaging capabilities would be a valuable addition in alignment with the multimodal functionality of
MANTIS.

7.2.3 Thermal Imaging in Biological Models
As demonstrated in Chapter 3 and Appendix A, water absorption in the spectral window of

detection limits biological applications of black-body thermal imaging. This problem makes imaging in
water-dominant environments like cell cultures difficult — but far from useless. Having spatially and
temporally resolved thermodynamics of optical events with nonlinear contrasts remains a powerful tool to
study laser-cell interactions. Some limitations prohibit the direct observation of single-shot perturbations
(e.g., photoablation, photodamage). However, INS gentle and reliable enough where registering thermal
and live-cell imaging data is both possible and potentially powerful.

Chapter 3 demonstrates the ability to combine thermal, SRS, and MPF microscopy to
observe cell damage during INS at stimulating and damaging levels. This methodology is readily extendable
to calcium imaging, fluorescence lifetime microscopy, voltage imaging, and many other functional
biological phenomena as a direct function of temperature-time and temperature-space dynamics.
Combining this with Raman contrast to visualize lipid and DNA perturbations readily allow for a new
physical regime of photothermal cellular modulation to be explored. Combining thermal with nonlinear
contrasts helps bridge a gap between physical thermodynamics and molecular biology. As the research
community’s interest in subjects such as biomolecular condensates continues to grow, these sorts of

multimodal imaging approaches have enormous potential to offer biological insight.
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7.2.4 hsSRS spectral evaluation of water band and fingerprint spectral features during INS
Using spectral CARS or SRS imaging in the O-H stretch regime (3400-3800 cm™) would help

visualize the thermodynamic effects of INS on water hydrogen bonding networks in live neural cells during

INS. Water is the primary chromophore attributed to driving heating for INS. As the kinetic energy of water
molecules during INS increases, the association of partial charges in water molecules with the extracellular
membrane may also be changing. These molecular associations could play a crucial role in how INS
mediates lipid membrane dynamics during INS. Experiments that look at the effects of INS on neural cells
in mixed saline-deuterium solutions may provide some insight into the role of water molecule association
with cell membranes in INS. Similar approaches may apply to SRS imaging in the O-D stretching band
spanning 2200-2800 cm™. Preliminary unpublished experiments on MANTIS have shown that it is possible
to perform O-H stretching band SRS on live astrocyte cultures during INS. However, our results remain
inconclusive due to some practical calibration concerns. The utility of water imaging in astrocytes is
potentially advantageous to study water transport processes better. As discussed in Chapters 5 and 6, water
transport is crucial in the brain’s homeostatic regulation. Quantitative imaging of water in any biological
sample — let alone the brain — is a notoriously difficult problem that would significantly impact biomedical
research. SRS has the potential to fulfill this role, as already demonstrated (65-67). Much work remains

on imaging biological water quantitatively and is poised to be a high-impact research front.

Recent work has utilized a creative implementation of dual-resonance SRS to probe the
hydrogen-bonding effects on the O-H stretch vibrations in and around live cells (67). The work deploys
this technique to spatially resolve temperature with microscopic resolution in live cells — which on its own
is impressive compared to our results with black-body thermal imaging. The hydrogen bonding dynamics
of water change with temperature as water molecules increase kinetic energy. Adapting this methodology
to high-speed imaging would allow us to visualize water-cell interaction at the extracellular boundary
during INS in real-time. This method of dual-resonance detection also is more amenable to single-shot
perturbations with simultaneous dual-resonance measurements. Multispectral approaches would help in
studying perturbations that are more prone to hysteresis than INS. Adapting multispectral approaches onto
the MANTIS imaging platform would require another resonant electro-optical modulator, a parabolic fiber
amplifier, an improved function generator, and a lock-in amplifier with some form of split amplitude/phase
output (e.g., R/6, X/Y). Further integration of FPGA-based detection electronics could even extend such

multispectral functionality beyond just two resonances in real-time.

Accessing the fingerprint region of the Raman spectrum with SRS remains sparsely demonstrated.
Not that fingerprint SRS is impossible, but it is generally weak. Stronger fingerprint signals are obtainable,

such as the Amide I11 band and the C-H bending region. The result is a need for pixel dwell times that make
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video-rate image acquisition unfeasible (>30 ps). Some work has sought to get around this computationally
with deep-learning-enabled image denoising. Until there is a substantial improvement in the ability to
generate fingerprint Raman signal coherently, the outlook for video-rate SRS in the fingerprint region of

the Raman spectrum remains bleak.

7.2.5 Molecular dynamic simulations of biomimetic lipid membranes and transmembrane proteins
At the atomic and molecular levels, biology becomes immensely complicated. Understanding the

interplay of free ions and water molecules with lipid bilayers and proteins at different temperatures is still
being studied. Simulating these molecular interactions is both powerful and exceptionally computationally
intensive — but possible with open-source software packages. Computational approaches to guide
spectroscopic and electrophysiology experiments would be valuable to understanding the effects of INS on
charged lipid bilayers and transmembrane proteins. Similar approaches can be employed to intracellular
biochemical signaling pathways with receptors localized to intracellular lipid-bound organelles — such as
IP3Rs in the endoplasmic reticulum. Molecular dynamic simulations from first principles would help
guantify parameters to more accurately model biological membranes at INS-relevant timescales. The results
of molecular dynamics simulations can guide experimental inference and inform neurophysiological

signaling models to optimize INS.

7.2.6 Modeling and parametric characterization of INS in neuronal and non-neuronal cells
As demonstrated in Chapter 6, different dosing parameters of INS can evoke different biochemical

signaling pathways in astrocytes. Dose-dependant responses remain to be shown for neurons and other non-
electrically-excitable neural cell types. There is a need to understand the effects of the IR dosing parameter
space on physiological responses, neuronal and beyond. The dosing parameter space of INM is seemingly
infinite. Currently, in-house laser systems (Capella, Aculight | Lockheed-Martin) readily allow for the
temporal modulation of IR dosing, pulse widths, repetition rates, and peak laser powers between 0 and 5%
duty cycles. Commercially available fiber geometries have limited exploring spatial patterning INS. Within
the temporal and spatial parameter space, unexplored parameters include the effects of pulse intensity
shapes, illumination duty cycles beyond 5 or 10%, and beam scanning geometries for the arbitrary spatial
patterning of IR illumination. All of these capabilities are now available in the Biophotonics Center, with
custom diode laser systems from IPS Inc., C-coated optical elements, and scanning galvanometer mirror
pairs. Despite the hardware availability, the number of experiments needed to sample the INS parameter

space adequately is prohibitive.

Parametric testing of the existing parameter space would require considerable time and effort, likely

yielding substantial redundancies. Adding the previously mentioned unexplored parameters adds even more
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complexity to experimental evaluations. Efforts towards computational modeling of photothermal and
neural signaling dynamics associated with INM would mitigate the need for redundant parametric
evaluations. Model development requires substantial effort and time. However, a computational framework
would reduce the need for experimental evaluation of a handful of crucial parameter combinations to reduce
the number of animals and the amount of time needed for validation. A combined biophysical and neural
signaling model would be readily applicable to other methods of directed energy neuromodulation. Such a

flexible model would provide a basis to innovate on new technologies in neuromodulation.

7.2.7 Multicellular and in vivo effects of INS
While itis now clear that INS can impact more than just neuronal cells in brain tissue, what remains

unclear is how the impact of INS on non-neuronal cells in the brain affects neuronal function. There are
many ways to approach this from the angle of vascular, immune, and glial neurobiology. As an example,
this section details multicellular considerations in vivo from the standpoint of astrocyte-neuron

communication.

Astrocytes can have a crucial influence on neuronal function, which can shape neuronal
excitability and animal behavior in various neural circuits and behavioral contexts (68-70). The
physiological dynamics examined in Chapters 5 and 6 only detail a fraction of the pathways that influence
astrocyte physiology. From these observations, it makes sense that single-pulse stimulation in the brain
could not drive acute neural responses. In contrast, multipulse stimulation drove both neural excitability,
suppression, and hemodynamic response (1, 21, 33). Single-pulse stimulation primarily forced IP3R
activation in astrocytes. Genetic ablation of IP3R2 in mice had no noticeable impact on synaptic plasticity,
neuronal excitability, or behavior (49, 50). Taken together, it makes sense that SP stimulation did not elicit
noticeable acute responses in the rat cortex. Chapter 5 shows how SP stimulation can drive water transport
phenomena in astrocytes in vitro. This observation remains to be confirmed in vivo. Chronic effects from
long-term repeated IR exposure need to be assessed. The concentration of ions and molecules in the
extracellular space progressively increasing over repeated stimulation (due to water transport) might drive
excitotoxicity responses long term. Conversely, SP-mediated water transport could transiently mediate
synaptic plasticity with high spatial precision. Additional work in acute brain slices or in vivo with

neuroscience collaborators would be well suited to explore these ideas.

Multipulse stimulation appeared to drive activation of astrocyte-expressed
neuromodulatory receptors. It is unclear whether MP stimulation directly activates receptors or mediates
the release of neuromodulatory molecules. There is substantial reason to suggest that neurons can be

affected by the glial release of neuromodulatory molecules under particular conditions. Astrocyte release
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of GABA into regions of the brain with neurons expressing GABA receptors could give rise to suppression
of downstream neural activity. Similarly, the release of glutamate or ATP could bias neurons expressing
receptors for those molecules towards activation. It is also unclear which cell type is driving the
physiological responses evoked by INS in vivo. Acute brain slices might provide the most suitable model
system to test these hypotheses — as pharmacological perturbations in vivo would present substantial
difficulties due to collateral physiological effects. Selectively driving astrocyte swelling in vivo or brain
slice models could provide a powerful tool for studying real-time osmotic and glymphatic dynamics, for
which spatially selective tools are lacking. The impact of these tools on studying diseases linked to water
transport dysfunction such as epilepsy, Alzheimer’s disease, or brain edema associated with traumatic brain
injury and ischemia could be meaningful. Groups should heed these considerations when applying MP

stimulation in vivo.

An acute brain slice model would be ideal for identifying whether neurons or astrocytes
are primarily driving brain tissue responses to MP INS. Pharmacology and calcium imaging targeting
neuromodulatory receptors are practically suited for acute brain slice approaches. Validating experimental
conditions transferrable to in vivo models should be a secondary approach to brain slice experiments. Slice
preparation must be carefully considered to understand the slice orientation and region of the brain where
INS is deployed. The fraction of excitatory and inhibitory neurons in a brain region, their spatial
arrangement, and slice dead cell layers thicknesses will be of substantial importance.

7.2.8 In silico modeling of multicellular network impacts of INS on brain tissue
The seemingly infinite parameter space of INS remains largely unstudied. Multipulse stimulation

in astrocytes appears to modulate cell swelling and neuromodulatory receptor activation. Meanwhile,
sustained exposure to the same pulse settings blocks neuronal action potential propagation (22, 23, 71, 72).
There remains a disconnect between the knowledge of the physical and molecular mechanisms of IR
neuromodulation. Brute-force evaluation of these parameters would be time-consuming, costly, and
potentially wasteful. A model that captures brain cell networks’ electrical, thermal, and molecular dynamics

would provide a valuable tool for optimizing IR neuromodulation in impactful ways.

Focused effort is warranted to fully understanding the effects of temperature-time dynamics in both
neurons and astrocytes. All eukaryotic cells have some form of the cell membrane and transmembrane
proteins essential for physiological function. How temperature-time dynamics influence molecular
interactions needs to be considered. Detailed understandings of these effects can yield biophysical models
to predict cellular responses to many thermal stimuli. Moving beyond modeling of single cells, realistic

simulations of brain networks and cell intercommunication will provide a powerful computational
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framework to refine the applications of INS. Most of the in-house neurophysiological modeling on the
single-cell level uses a Hodgkin-Huxley-derived model of neural signaling with the NEURON software
package (73). The Allen Institute for Brain Science has developed a publicly available brain modeling
toolkit (BMTK) that utilizes the NEURON framework to build biophysical models of in vivo neural
networks (74). Modeling brain network responses to INS will be testable using the BMTK in concert with
a refined temperature-sensitive NEURON model of neuronal and glial signaling. The BMTK does not
currently include astrocytic physiology in its base package —. Aspects of astrocyte neurophysiology are
available in the NEURON library and readily expandable. Appending these capabilities into both NEURON
and the BMTK will simulate the relevant effects of INS in brain cell networks. The current base version of
the BMTK does not incorporate astrocyte biophysics and morphology, nor are any public datasets of 3D
astrocyte structure currently available. Additionally, the BMTK has a heavy focus on modeling the mouse
visual cortex structure. The circuitry between visual and somatosensory cortices in mice is different. Some
of the morphological and genotypic simulation features in the BMTK will be limited compared to the
experimental models commonly used to study INS in vivo. Nonetheless, computational models that span
the brain’s molecular and connectome levels will play a critical role in understanding directed energy neural

modulation.

7.2.9 Impacts of INS on astrocyte microdomain calcium dynamics, immunoreactivity, and hemodynamic

signaling
Morphology is essential to in vivo cell function. Recreating natural dell morphologies in vitro is

difficult. For example, astrocytes present completely different phenotypes in vitro and in vivo, both
morphologically and genetically (75). Astrocytes are highly dendritic — with extremely high surface area
compared to their intracellular volume based on the number of branches protruding from their processes
(52). Many generations of branches extend from astrocytes, making them appear” bushy” in vivo.
Astrocytes in vitro are flat and often not dendritic in appearance. Changes in membrane properties such as
s line or surface tension, mean free path of diffusion within the membrane, or the intermolecular association
between membrane lipids and transmembrane proteins can influence cell physiology. These are a few of
many reasons why it is difficult to speculate the similarities between in vitro and in vivo INS responses
from astrocytes. Tissue-based model systems provide a crucial window into identifying relevant responses

and the physiological impact of INS.

Consistent with the idea of morphological variation to cell responses, astrocytes are well
known to display distinct calcium dynamics within processes and microdomains than those observed in
their soma (54). These projections and microdomains are the functional components that drive astrocyte

physiology at synapses; thus, it is vital to consider their calcium dynamics to study their influence on
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neuronal dynamics following INS. Morphological effects on calcium dynamics are challenging to study in
vitro without obtaining differentiated astrocytes in a 2D culture. In vivo observations of astrocytes are
difficult due to the resolution needed to visualize astrocyte microdomains. Furthermore, sample motion in
live animals often occludes microdomain structures in time-lapse imaging. Acute and organotypic brain
slice models combined with high-speed, high-resolution 3D imaging of astrocyte dynamics would be the
most promising approach to address these questions. Modern implementations of single objective light-
sheet microscopy readily allow high-resolution video-rate volumetric imaging suitable to study these
calcium dynamics. Characterizing INS in vivo with calcium imaging and pharmacology will provide

invaluable insight into its influence on different cell types in the brain.

The immunoreactivity of astrocytes in the brain is a broadly studied topic in glial biology.
The effects of IR exposure on astrocyte reactivity remain entirely unexplored. Considering the importance
of astrocyte immune function in the healthy brain, understanding the impact of INS on astrocytes reactivity
is vital. Reactive astrocytes can have chronic impacts on neuronal and neurological function spanning the
synaptic and whole-organ scales. For safe and effective deployment for research and clinical

neuromodulation, the effects of INS on astrocyte reactivity would be a crucial line of questioning to explore.

Astrocytes are also critically involved in mediating hemodynamic responses throughout
the brain. Brain vasculature delivers energy, nutrients, and endocrine signaling molecules to the brain while
tightly regulating the molecules that enter the brain’s extracellular space. The vasculature serves as the
physical barrier between the brain and the rest of the body. Long-term brain health and cognitive
performance rely on healthy brain vasculature (69, 70, 76, 77). Astrocytes facilitate coordinated action
between neurons and the brain vasculature for optimal brain tissue health. INS can elicit both astrocytic
signaling and hemodynamic responses. These responses can occur through several avenues. 1) INS may be
modulating neurons directly and causing astrocytes to signal for blood flow to maintain homeostatic
balance. 2) INS could be modulating astrocytes directly to release neuromodulatory molecules that cause
neuronal activation that drive Route 1 or directly drive the release of vascular signaling pathways to increase
local blood flow — independent of neuronal firing. 3) INS may modulate vascular endothelium or pericytes
directly and evoke hemodynamic responses. Currently, the evidence available suggests that any of these
three routes could be involved in tissue responses to INS. Nonetheless, there remains a need to understand
the collateral effects of INS on non-neuronal cells and their tertiary influences on neuronal activity. Future
research towards these efforts would prove helpful for both current and future work deploying INS for

clinical and research applications.

7.2.10 A general mechanistic model of IR nheuromodulation
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Pulsed IR light impacts the brain between the quantum, atomic, molecular, cellular, physiological,
and behavioral levels. Current research methods let each of these levels be probed in specific ways, but a
conceptural framework linking all of these levels together appears to be missing. It is clear that temperature
changes are crucial to INS mechanisms at the physical level. At the atomic and molecular levels,
temperature elevations impact how biomolecules like proteins and lipids interact and function. At the
cellular level, the expression and function of proteins (e.g., ion channels, receptors, kinases) depends on the
genetics and physiological role of a particular cell type. The role of a particular cell in an organisms
physiological system and behavior can be shaped by many components (e.g., anatomic location, afferent
and efferent connections, collateral interactions, epigenetics, environmental stimuli). Understanding each
part of the INS mechanistic picture is vital to it’s utility and adoption. The breadth of fields INS can impact
is expansive. The work in this dissertation demonstrates how international collaborative efforts between
academic physicists, engineers, neuroscientists, glial biologists, chemists, industrial organizations, and
federal research teams can clarify INS mechanisms at the former levels previously listed. Many questions
remain and would benefit from the combined expertise of neuroscientists, molecular biologists, behavioral
neuroscientists, psychologists, and clinical neurological specialists. A completely clear understanding of
INS mechanisms across all levels may be out of reach currently. That does not minimize the impact of

detailed mechanistic models might have on INS’ translational impact.

7.3 Contributions and Societal Impacts

Throughout the completion of the work in this dissertation, | have made numerous contributions
scientifically in my field of research and, more broadly, with impacts on society. The imaging system
described in Chapter 3 was the first imaging platform to integrate nonlinear and thermal microscopy on a
platform capable of imaging samples ranging from fixed histology slides to the brains of live animals. The
development of MANTIS provides a key advancement to the field of biomedical microscopy and
biophotonics. With this sort of multimodal flexibility, the world now has a powerful tool to directly tie our
functional understanding of physiology to the chemical and physical measurements that were previously
difficult to combine. Furthermore, the developed imaging platform combining three independent imaging
arms leaves immense flexibility to adapt hardware capabilities to suit targeted research needs. Such a
concept can have a reverberating impact on research in biomedicine and beyond. Additionally, the
MANTIS framework provides space-constrained laboratories the possibility to configure advanced
microscopy infrastructure into smaller footprints. The demonstration of multiplexed SRS, MPF, and
Thermal microscopy to study photothermal dynamics associated with INS in neural cell cultures was the
first of its kind to register high-speed thermal, functional, and biochemical contrast. Multimodal imaging

approaches to study the effects of INS on cell physiology (e.g., calcium dynamics, voltage changes,
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neurotransmitter release, metabolism, immunoreactivity) with chemical and thermal contrast at sub-micron,

sub-second resolution opens the door to study biophysical dynamics.

Towards the fields of biophotonics and biophysics, this dissertation was the first to demonstrate the
use of hsSRS microscopy towards observing spectroscopic signatures of sub-second processes in live neural
cells. Observations of this kind typically rely on the indirect readout of molecular reporters that exhibit
physical changes that are tertiary to the phenomenon of interest. Vibrational spectroscopic contrast offers
a more direct way of visualizing lipid biophysics in live cells and provides valuable metabolic, structural,
and compositional information. The results in this dissertation offer support for the experimental (2) and
theoretical (15) mechanistic basis of INS. Additionally, this dissertation suggests the potential for coherent
Raman imaging to offer further insight into the role of other chemical dynamics, including water hydrogen
bonding and molecular condensates. Spectral coherent Raman continues to hold the potential to push the

field of biophysics forward as methodologies become more refined and accessible.

In the fields of biophotonics, neuromodulation, and glial biology, this dissertation was the first to
show the sensitivity of astrocytes to INS directly. Additionally, the ability to distinctly modulate
physiological signaling in astrocytes based on the dosing of IR light emphasizes the need to understand
better the broader bioeffects of laser irradiation on neural tissue. Astrocytes play a crucial role in supporting
brain function and are traditionally overlooked in the design of neuromodulatory devices. Disruption in
astrocyte physiology is well known to lead to severe neurological issues such as epilepsy, Alzheimer’s
disease, brain swelling, and cognitive decline. Though the tools for studying astrocyte function are
improving, there is still a need for tools and methods to drive and study their function. INS provides a
valuable method of astrocytic modulation with distinct physiological responses to varying stimulation
paradigms. Driving such physiology gives researchers a powerful investigative tool to improve our

understanding of astrocytes’ role in healthy brain function.

The broader research goals of biomedical engineering aim to combine and apply a diverse set of
scientific approaches to facilitate scientific discovery in biomedical research or improve clinical outcomes.
The work in this dissertation combines knowledge from the fields of thermodynamics, biophotonics,
systems engineering, nonlinear optics, molecular biology, biophysics, neuroscience, and glial biology to
reveal molecular mechanisms of INS and add to its scientific utility. The direct evidence of lipid biophysical
dynamics that underly INS are generalized to a variety of cell types provides a novel framework to
approaching INS to make it potentially useful for applications beyond the nervous system. This work also
demonstrates the potential of coherent Raman imaging as a tool for directly studying aspects of biophysical

dynamics in live cells. Additionally, this dissertation presents the first characterization of different
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approaches to INS on astrocyte physiology in vitro, demonstrating its potential as a tool to study glial
physiology on brain function. Glial physiology is a rapidly growing field in need of tools to drive cellular
function. This dissertation demonstrates that INS may help study certain aspects of glial biology, such as
water transport. Our understanding of these processes and others beyond that of neurons and astrocytes
remains critical to understanding how to deploy neuromodulation tools for clinical and societal benefit. The
work in this dissertation collectively brings the field of neuroscience and neuromodulation one step closer

to realizing such impact.
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