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Preface

Throughout my PhD one of the many things I relearned or reinforced is that

nothing is ever simple. A simplest experiment or a simplest non-science task has an

infinite number of degrees of freedom that can break apart even with the most elaborate

plan in hand. The challenge is to develop the sense of appreciation and awe for this

complexity. Anything is possible, things are chaotic and unpredictable, and it is so

powerful to be able to mindfully receive any twists of life’s threads with kindness,

curiosity, open mind and empathy to others and yourself. I hope to become better at this

some day, but for now, my PhD at least helped me to become more aware of these

factors…
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CHAPTER 1

1. Introduction

The aim of this dissertation work was to expand the range of questions

accessible to the inquiry of biological scientists by making progress towards

simultaneous imaging across the brain and spinal cord. I advanced and invented

methods for imaging bioluminescence using low-cost miniature microscopes, new

approaches for spinal cord imaging access, imaging calcium deeper in tissue using

fluorescent indicators, and manipulating blood vessels in the spinal cord. Perhaps most

importantly, I have developed an approach for simultaneous imaging and (potentially)

independent optical control of spinal cord and brain. This enables integrated studies of

shared and independent dynamics in these regions of the nervous system. As such, I

will begin my journey by reviewing the background of the state-of-the-art in imaging

technology and approaches to manipulate neural and vascular dynamics. This sets the

stage for applications and motivation of my work and a vision for the future. In

subsequent chapters, I describe my research and how it helps us to move closer

towards the aim of this thesis and the envisioned future where we can image the

functional dynamics in every part of the body at molecular, cellular and gross circuit

levels. As an important basic and translational science motivation for this work serves

the dream of understanding and alleviating chronic pain.
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1.1. State of the art in fluorescent imaging of the brain and spinal

cord in 2022

1.1.1. Principles and current state of fluorescent microscopy

Chronic 1-photon and 2-photon epifluorescent imaging of calcium (Ca2+)

dynamics in neurons of the brain are well-established approaches. The key initial

discovery that enabled these technologies occurred in 1997; the development of a

green fluorescent protein (GFP) based Ca2+ indicator [1]. Since then, a wide range of

other fluorescence-based indicators have been developed, offering a variety of signal

brightness levels, dynamic ranges, spatio-temporal resolutions, fields of view (FOVs),

noise levels, spectral characteristics, and 2-photon excitability cross-sections (Fig. 1)

[2].
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Figure 1. Comparison of different microscopy modalities commonly used for functional brain
imaging. In addition to the comparative metrics included in this figure, every imaging modality
offers a different maximal imaging depth. 1-photon and lightsheet offer the smallest penetration
depth, 2-photon offers medium penetration depth and 3-photon offers the deepest imaging.
These microscopy modalities also differ in terms of the cost of hardware. Cost-wise, 1-photon
microscopes are most accessible and 3-photon microscopes cost >200x more than 1-photon
and >2x more than 2-photon. Reprinted, with permission, from [2], © 2022 Benisty et al.,
licensed under CC BY-NC-ND 4.0.

1-photon microscopy has higher scattering noise, higher photobleaching, higher

phototoxicity and shorter imaging depth compared to multi-photon microscopy (Fig. 2)

while offering the most cost-effective option for measuring single-neuron and gross

population dynamics (Fig. 1). With sufficiently-sparse labeling of neurons, 1-photon

imaging allows reliable tracking of somatic Ca2+ (Fig. 3A) [3]–[5]. 1-photon imaging

works especially well for imaging superficial cortical cells, for example, interneurons

expressing the neuron-derived neurotrophic factor (NDNF) in layer 1 of the cortex [3].

1-photon also allows imaging of somatic Ca2+ dynamics in deeper structures such as the

hippocampal CA1 region [6], [7] and cortical layer 5 [8]. These studies used implantable

GRadient Index of Refraction (GRIN) lenses and micro-prisms, respectively (Fig. 3B-D).
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Figure 2. Comparison of 1-photon and 2-photon microscopy. (A) demonstrates the need for a
single photon vs. 2 photons to excite the fluorophores in the case of 1-photon vs. 2-photon
microscopy, respectively. (B) demonstrates a significantly higher focality of 2-photon compared
to 1-photon microscopy with optical power being smeared throughout a significantly larger
volume in the case of 1-photon imaging. (C) depicts the basic optical hardware layouts and
beam paths. 1-photon imaging involves a significant amount of forward photon scattering and
shallower imaging depth. 2-photon imaging offers less forward scattering and deeper imaging
because of the more red-shifted wavelength, and less noise because of the higher focality of the
2-photon effect. 3-photon microscopy is similar to 2-photon, except it requires 3 photons for
excitation while offering even deeper and more focal imaging. Reprinted, with permission, from
[9], © 2021 Zayats, Uzonna and Murooka, licensed under CC BY 4.0.
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Figure 3. Benchtop 1-photon microscopy and wearable miniature microscopes (aka.
miniscopes) allow calcium imaging in individual cortical and deeper layer neurons. (A) An
example of calcium imaging from an estimated one million cortical neurons using 1-photon
microscopy through the “Crystal Skull” implant. Reprinted, with permission, from [5], © 2016
Hyun Kim et al., licensed under CC BY-NC-ND 4.0. (B) An example of miniscope imaging of
Ca2+ in individual CA1 hippocampal neurons using a GRIN lens. Reprinted, with permission,
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from [7], © 2017 Xia et al., licensed under CC BY-NC-ND 4.0. (C) An example of pre-clinical
application of a wire-free miniscope to analyze the spatial coding of epileptic seizures. Adapted
by permission from Springer Nature Customer Service Centre GmbH: [6], © 2020 Shuman et
al., under exclusive license to Springer Nature America, Inc. (D) An example of miniscope Ca2+

imaging using an implanted microprism probe to image individual neurons throughout multiple
layers of the somatosensory cortex (S1). Reprinted, with permission, from [8], © 2017 Gulati et
al., with explicit permission to reuse this image from JoVE Journal.

In the past decade 1-photon microscopy has grown significantly in popularity

because of the miniaturization of the optical hardware allowing Ca2+ imaging in freely

behaving mice. Imaging using traditional benchtop epifluorescent 1-photon microscopes

relies on restraining the animal under the microscope to allow high-quality imaging with

the minimal amount of motion. Restrained imaging of rodents is still a powerful

technique that allows studies of awake behavior such as processing of sensory signals

generated by the deflection of whiskers [10], [11] or responses to the sensory

stimulation of the paw [12]. However, by restraining the animal, we modify the animal's

natural way of executing tasks important for its survival; in their natural habitat, animals

typically are not fixed in a single spot in space. Even though the restraint can simplify

the interpretation of data by removing many confounding processes happening

simultaneously in free animals, the restraint inevitably modifies the neural dynamics and

the organization of the nervous system that we are trying to study [13]. Miniature

microscopes (aka. miniscopes) are one of the recent advances in imaging that have

removed the need for restraint [14]. Miniscopes can weigh as little as 1.6 g [15], and can

be head-mounted with reduced impact on natural behavior. Despite their significantly

simplified optics, miniature microscopes allow us to conduct longitudinal studies to track

Ca2+ dynamics in individual neurons, and with the imaging quality comparable to

benchtop microscopy (Fig. 3A for benchtop 1-photon vs. Fig. 3B-C for the miniscope).

6

https://paperpile.com/c/WCrBc0/HINs
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://paperpile.com/c/WCrBc0/QZ6R
https://paperpile.com/c/WCrBc0/mF63
https://paperpile.com/c/WCrBc0/epfAs+wm8v6
https://paperpile.com/c/WCrBc0/lrnV
https://paperpile.com/c/WCrBc0/Ln59W
https://paperpile.com/c/WCrBc0/KecrA
https://paperpile.com/c/WCrBc0/IQgh


The two key milestones that lead to broad adoption of miniature microscopes by

the research community were the development of high-quality commercial miniature

microscopes [16] followed by the development of more cost-effective open-source

miniscopes [17] (Fig. 4). The commercial miniscopes offered by Inscopix Inc.®

(Mountain View, California, USA) provided hardware solutions ready to be used out of

the box, and in-lab assistance from field scientists with the use of their system and

implementation of the animal models. This kind of assistance from the field scientists is

gradually becoming more and more important for implementing complex behaviors by

the non-tech developing labs and in the future this might become one of the important

services offered by the national imaging facilities [4]. However, commercial miniscopes

are expensive. On the other hand, open-source miniscopes while being more

affordable, require in-house expertise in optics, electronics, behavior, neuroscience,

surgery and data science. Despite all of these challenges, miniature microscopes have

been widely adopted and application examples include > 25 different designs [14],

[18]–[20]. Some of these designs were the modifications of the UCLA miniscope (e.g.

my publication on bioluminescence miniscope BLmini v1.0 [21]), but in many cases

researchers developed designs completely independent of the UCLA miniscope. These

designs include 1-photon [15], [22]–[26], 2-photon [27], intrinsic imaging [28] and

photoacoustic miniscopes [29]. Some of these designs are open-source and can be

adopted by any lab. However, the most widely adopted miniscope was developed by

UCLA [17]. This is because of their detailed documentation, streamlined access to the

parts and assembled miniscopes, active development of improved hardware versions,

very responsive team of developers and vibrant community of users.
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Figure 4. Examples of specifications of the open-source miniature 1-photon microscopes.
Reprinted, with permission, from [30], © 2019 Aharoni and Hoogland, licensed under CC BY
4.0.

In contrast to 1-photon microscopy, 2-photon microscopy offers finer spatial

resolution, lower photon scattering noise and deeper imaging at the cost of more

complex and more expensive hardware (Fig. 5B). Despite more complex optics, several

groups have successfully implemented and disseminated wearable versions of 2-photon

microscopes (Fig. 5A) [15]. 3-photon microscopy remains accessible to a limited

number of labs because of the significantly higher cost compared to 2-photon

microscopy. At the same time, active work is underway towards 3-photon imaging in

freely behaving animals [31], [32].
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Figure 5. (A) and (B) show the hardware for the miniature 2-photon microscope (mini2p).
(C)-(E) show the examples of lens configurations for mini2p, images of individual neuron somas
and calcium dynamics. Reprinted, with permission, from [27], © 2022 Zong et al., licensed under
CC BY 4.0.

Overall, all imaging modalities used for studying the biology underlying animal

behavior are converging towards a form factor (i.e. dimensions, weight, tether)

compatible with free behavior. The trend away from restrained behavior suggests that

the field of neuroscience is reaching a pivotal point. The field has a base of knowledge

of the mechanisms underlying artificially constrained behaviors and can now focus on

the function of the nervous system during naturalistic behaviors.

1.1.2. Spinal cord imaging

Awake imaging in the spinal cord is significantly less developed than imaging in

the brain. All of the above examples involved brain imaging. At the beginning of my
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thesis work there was not a single study demonstrating the awake imaging in the spinal

cord. Furthermore, until recently, there have not been reports of chronic neural Ca2+

imaging in the spinal cord. Early imaging in the spinal cord focused on vascular,

microglial and astrocytic cells [33] and acute imaging of dorsal root ganglia [34], [35].

Most early studies employed acute imaging using Ca2+ sensitive dyes [36]. The biggest

advancement in spinal cord imaging came in 2012 with the development of spinal cord

window implants for chronic imaging under anesthesia [33].

The complexity of spinal cord imaging has limited the number of studies

published by 2022 that succeeded in imaging individual neuron calcium in the spinal

cord to 7 studies (Table 1). Five of these studies have been published between

December 2021 - April 2022. The recency of progress in this field indicates that the tool

development for chronic spinal cord imaging of Ca2+ in individual neurons in awake

animals is finally reaching a mature level. Tools are commercially available or there is

sufficient know-how for broad adoption of chronic imaging of the spinal cord. The data

generated using these methods offers significance for understanding biology and

behavior in animal models of health and disease.

Imaging
target

Data Microscope
type

Application
example

Transgen
ic

indicator
s

Injectab
le labels

Animal
state

Level Methodol
ogical

reproduci
bility

Reference

neurons
(somas)

astrocytes

axons

calcium
(astrocytes,
neurons),
anatomy,
motion

custom
wearable

1p-miniscope
and benchtop

2p

sensory
information
processing

(tactile,
nociception)

Thy1-eYF
P-H (for
axons),

SOM-tdTo
mato (for
neurons)

AAV5-Gf
aABC1D
-GCaMP

6f (for
astrocyt

es)

AAV9-C
aMKII-G
CaMP6f

(for
neurons)

awake

freely
moving

under
isoflurane

L4-L5
vertebra

low Sekiguchi
et al.

Nature,
2016 [37]

neurons
(somas)

calcium
(neurons)

benchtop 2p sensory
information

Thy1-eYF
P-H (for

NA awake L4-L5
vertebra

good Chen et al.
Nat
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axons
processing

(inflammator
y pain)

axons
and

neurons)

Thy1-GC
aMP6s

(for
neurons)

under
anesthesia

Commun
2019 [38]

neurons
(somas)

astrocytes

calcium
(astrocytes,

neurons)
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wearable

1p–miniscope
(multi-color)

sensory
information
processing
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GFAP-GC
aMP6f
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astrocyte

s)
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aMKII-H
2B-GCa
MP7f-Ta

gRFP
(for

neurons)

awake

freely
moving

T12-T13
vertebra
(L2-L5
spinal
levels)

low Shekhtme
yster et al.

bioRxiv
2021 [39]

astrocytes calcium
(astrocytes)

custom
wearable

1p–miniscope
(wide-field)

sensory
information
processing

(tactile,
nociception)

GFAP-GC
aMP6f

(for
astrocyte

s)

NA awake

freely
moving

T12-T13
vertebra
(L2-L5
spinal
levels)

low Shekhtme
yster et al.

bioRxiv
2021 [40]

neurons
(somas)

axons

calcium
(neurons)

wearable 2p sensory
information
processing

(tactile,
nociception,
temperature,
nerve injury)

Thy1-GF
P line M

AAV9-C
aMKII-G
CaMP6s

(for
neurons)
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moving

L3-L4
spinal
levels

low Ju et al.
bioRxiv

2022 [41]

neurons
(somas)

calcium
(neurons)

benchtop 2p sensory
information
processing

(tactile,
temperature,
nociception)

vGluT2-G
CaMP6s,
vIAAT-GC

aMP6s

NA under
isoflurane

T12-T13
vertebra
(L3-L5
spinal
levels)

good Sullivan
and

Sdrulla.
JNeurosci
2022 [42]

microglia

blood vessels

axons

collagen
(SHG)

morphology
across days
(microglia)

axons

benchtop 2p
with SHG

stimulated
Raman

scattering

inflammatory
response

axonal
damage

Cx3Cr1-G
FP

(B6.129P
2(Cg)-Cx
3cr1tm1Li
tt/J) (for

microglia)
,

Thy1-YFP
/Cx3Cr1-

GFP
(axons

and
microglia)

Texas
Red

dextran
(70 kDa)

under
anesthesia

T11-L2
vertebra

high Wu et al.
Nat

Commun
2022 [43]

neurons
(somas)

neuropil

blood vessels

calcium
(neurons)

blood flow

blood
vessel

diameter
changes

UCLA
miniscope,

benchtop 1p
emCCD,

benchtop 2p

sensory
information
processing

(tactile,
nociception)

endogenous
light

sensitivity

Trpv1-Ch
R2-EYFP

(for
stimulatin
g Trpv1),
Cacna1h-
ChR2-EY

FP (for
stimulatin
g LTMRs)

AAV2/9-
CaMKIIa
-GCaMP
6f-P2A-n
ls-dTom

ato

awake

freely
moving

under
isoflurane

L1-L3
vertebra

high Present
work,
2022

Table 1. Summary of the previously published studies using chronic Ca2+ imaging in spinal
dorsal horn and dorsal root ganglia. Methodological reproducibility was assessed based on my
subjective assessment of the descriptions of procedures provided in the corresponding articles.
LTMR = low threshold mechanoreceptor, L# = lumbar, T# = thoracic.
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1.1.3. Implant approaches for imaging

A large number of implant designs have been proposed and characterized in

recent years that achieve reliable, multi-functional imaging [44]. In addition to examples

in Fig. 3 and Fig. 5, other reported designs include brain implants compatible with

intracortical injections without the need of removing the implant (Fig. 6A) allow 2-photon

imaging in freely behaving animals (Fig. 6B), and miniscope implants that combine

miniscope imaging with optogenetic stimulation of the imaged or downstream brain

areas (Fig. 6C). The diversity of brain implant designs indicates the need for

customizing the implant designs for the specific experimental questions at hand. To this

point, new designs continue being released addressing the problems that haven’t been

tackled before.

Spinal cord implant development has been informed by brain surgical

preparations, but brain and spinal cord require different opto-mechanical interfaces.

Hence, the starting point of my thesis involved gaining the understanding of all the

constraints of state-of-the-art spinal cord implants, and then improving the implant

designs and techniques for optically accessing the spinal cord alone. Spinal cord is a

more challenging target for chronic optical studies compared to brain and hence

required significant methodological developments. This was followed by developing

universal implants that allow optical access to the brain and spinal cord in the same

animal and finally, developing the bioluminescence imaging tools that hold the potential

of improving imaging quality both for the brain and spinal cord.
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Figure 6. Examples of the cranial window implants used for chronic imaging of fluorescent
calcium indicators in the brain using benchtop and wearable microscopes. (A) Titanium-silicone
cranial window for transcranial viral injections and imaging. Reprinted, with permission, from
[45], © 2022 Yang et al., licensed under CC BY 4.0. (B) Baseplate and headbar implant for
imaging using wearable 2-photon microscope (mini2p). Reprinted, with permission, from [27], ©
2022 Zong et al., licensed under CC BY 4.0. (C) A baseplate implant with 4 optogenetic probes
that allows imaging through the gradient index (GRIN) lens using a wearable microscope.
Reprinted, with permission, from [15], © 2020 de Groot et al., licensed under CC BY 4.0.
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1.2. State of the art in manipulation techniques of neural and

vascular dynamics

The strategies developed in my thesis provide technology allowing optical access

to several distinct foci within a neural processing stream, from peripheral sites to

neocortex. Optical methods for neural control provide many unique benefits [46]. Light

can be highly selective and spatially precise in its targeting. With the advent of modern

microbial opsins as a strategy compatible with mammalian neurons [47], these methods

(generally termed ‘optogenetics’) provided a much-needed selective approach to

manipulate genetically-specified neural elements [48], [49]. These methods have not

only revolutionized the study of neural systems, they have also been broadly applied,

including to vascular targets [50]–[52]. Interestingly, expression of endogenous opsins

and, more generally, light-sensitivity in vascular elements provides a powerful avenue

for optical control, independent of the need for an additional opsin genetic targeting

intervention [53].

In the past 5 years, optical control methods have been effectively reduced to

practice using shaped patterns of 2-photon light, allowing not only cell-type specificity,

but also the selection of functionally-defined neural ensembles [54]–[57]. An exciting

forefront in optogenetics is the multiplexing of this capability with chemogenetic control

options in the same molecule, by attaching a bioluminescent moiety to the opsin

[58]–[60]. While broadly applied for testing the mechanisms and meaning of neocortical

circuit dynamics [61], [62], optogenetic methods have also been adapted to the spinal

cord [58], [63]–[76] and dorsal root ganglia [77]. Compared to spinal cord imaging,

spinal cord optogenetics is more established because of the less strict surgical and
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optical access requirements. Specifically, even though high light scattering by myelin

[74], post-surgical spinal cord fibrosis and motion still affect the efficiency and longevity

of spinal cord optogenetics, the impact of these factors on optical stimulation is not as

strong as on imaging for the similar physical reasons why bioluminescence potentially

offers higher signal-to-noise imaging. Optogenetic excitation requires light delivery only

in one direction. Hence, photons undergo only forward scattering, eliminating the issue

of backward scattering and halving the impact of light on the tissues along the full return

path needed for the fluorescence imaging (Fig. 7) [21]. Importantly, the implant

procedure needed for chronic optogenetic stimulation is significantly simpler compared

to the spinal cord imaging implants. The main source of simplification for the spinal cord

optogenetic surgery comes from the fact that the implant can be made out of a single

piece of hardware and the transcutaneous connection can be made few millimeters in

diameter (instead of dozens of millimeters required for the spinal cord chronic imaging

implants) and tunneled to different parts of the body [63], [68], [69]. The more exotic

recent advances in spinal cord optogenetics include the use of bioluminescent

optogenetics (BL-OG), which does not require any implants [58]. Another example of an

important progress direction for the optogenetic toolbox is the use of near-infrared

upconversion nanoparticles to eliminate the need of placing the light source directly at

the stimulation target [72].

1.3. Motivation for the present work

Every biological process in every organ in our body is interlinked with the

biological dynamics evolving in other organs. Understanding of these processes

requires the ability to simultaneously record the biological activity across multiple organs
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as I am demonstrating in the present thesis. The imaging tools and techniques I

developed were inspired by the biological questions about sensory and nociceptive

processing. These signals originate from the skin at peripheral sites and propagate from

the skin to the spinal cord and then either ascend to the brain (i.e. brain-spine

continuum) or form the local reflex loops.

The current state-of-the-art approach for studying animal behavior relies on

looking at a single slice of tissue at the time [7], [37], [78]. This can be, for example, a

slice of the brain [7], spinal cord [33], [37], dorsal root ganglion [38], skin [79], [80], heart

[81] or intestinal tissue [9]. The most sophisticated studies to-date study a single organ

while applying the stimuli outside the studied organ, such as the tactile stimulation of the

skin while imaging the brain [9], [12] or the spinal cord [9].

Simultaneous optical access to the brain and spinal cord in the same animal

would significantly expand our mechanistic understanding of complex bodily circuits in

health and disease. Every even most anatomically focal disease inevitably affects the

parts of the body outside of its focal origins and hence is a problem requiring the tools

for multi-site intervention to allow better understanding and better treatments. One

approach is to track the dependency of brain activity on neurovascular activity in the

spinal cord in response to a spinal cord injury (SCI). This can be tracked throughout

injury, healing and treatment processes. An example from our colleagues includes the

application of bioluminescent optogenetics (BL-OG) to drive locomotor recovery

following the SCI [58]. In this example, we would like to know what happens to the brain

following the SCI and following the treatment while also knowing the status of the spinal

cord circuitry. Another powerful application example is to study the mechanisms of
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sensory information processing in normal and chronic pain conditions. The

neuro-glio-vasculo-immune time course of the chronic pain remains unknown [82] even

individually for the brain and spinal cord, and it has not been even attempted to look at

the interdependence and co-evolution of the brain-spinal cord states throughout the

development of the chronic pain.

At the same time, even the studies investigating the spinal cord function in

awake behaving animals are scarce and the predominant knowledge in the field stems

from imaging, and recording electrical activity from the dorsal-root ganglia (DRGs) and

spinal dorsal horn (SDH) under anesthesia [83]. To date, there is evidence for the

involvement of the SDH parvalbumin (PV) interneurons in gaiting the touch-evoked pain

[84] via synaptic disinhibition mediated by the retinoic acid receptor (RARα) [85] with

multiple downstream effects including the inhibition of the excitatory interneurons that

express the γ isoform of protein kinase C (PKCγ) [86] or by activating the local

astrocytes [87]. Furthermore, the role of inhibitory and excitatory neurons has been

elaborated by observing that the vIAAT-positive inhibitory neurons are more sensitive to

innocuous touch and less sensitive to the thermal stimuli than the vGluT2-positive

excitatory neurons with the sensitivity of excitatory neurons being amplified by the

capsaicin-induced pain [42]. Besides the neurons, astrocytes [37], [39], [40] and

hemodynamics [88] have been demonstrated to be modulated by cutaneous inputs.

Three out of seven chronic spinal cord imaging studies listed in Table 1 have

been published by the group that offers very innovative solutions towards spinal cord

imaging in awake animals. However, unfortunately these publications describe the

results acquired using custom implants and custom optical hardware that are not

17

https://paperpile.com/c/WCrBc0/gpnQr
https://paperpile.com/c/WCrBc0/iq0Q
https://paperpile.com/c/WCrBc0/bcKq
https://paperpile.com/c/WCrBc0/ys8k
https://paperpile.com/c/WCrBc0/6kcq
https://paperpile.com/c/WCrBc0/Yt6x
https://paperpile.com/c/WCrBc0/4E86
https://paperpile.com/c/WCrBc0/wwmD+qirT+JYcQ
https://paperpile.com/c/WCrBc0/4G34


described at the level that allows simple adoption of the tools used in those studies.

Rather, the methods are described at the level that requires extended testing by any

labs willing to adopt these tools.

Fluorescent imaging is a powerful tool that provides deep insights into biological

function, however, bioluminesce holds the promise of deeper imaging using simpler

optical systems at the cost of several engineering considerations. Despite its

tremendous value for biological science, fluorescence imaging is constrained by its

reliance on the excitation light source and the endogenous fluorescence (aka.

autofluorescence) of the tissue all around the body [89], [90]. The excitation light used

to excite the fluorophores suffers from scattering, resulting in less “sharp” images and

constrained imaging depth (Fig. 7). Furthermore, continuous application of external light

is associated with photobleaching [91], phototoxicity [92] and confounding modulation of

cellular capacitance [92], [93] and mitochondrial function [94]. In addition, even though

fluorescent miniature microscopes have been able to achieve a remarkably small

footprint of 21 mm and 2 grams in weight [15], these dimensions become problematic

when trying to fit multiple of such miniscopes throughout the body of a mouse. These

dimensions increase even further when we try to increase the number of simultaneously

imaged colors or transition towards wire-free miniscopes.

Bioluminescence solves all the above problems at the cost of a few alternative

engineering considerations. Bioluminescence does not require an excitation light

source, hence it does not suffer from photobleaching, phototoxicity, autofluorescence

and it offers a potential 3-fold increase in the imaging depth compared to 1-photon

fluorescence imaging (Fig. 7). However, the actual imaging depth limit for
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bioluminescence has not been yet determined experimentally. In Fig. 7, the

bioluminescent imaging depth for the brain was estimated using Monte Carlo

simulations [95]. For the spinal cord, the bioluminescence imaging depth was estimated

by looking at the ratio of 1-photon fluorescent imaging depths in the brain vs. the spinal

cord. By assuming that bioluminescence imaging depth limit will be comparably affected

by spinal cord myelination scattering as fluorescence imaging depth limit, we can

estimate the limit for the spinal cord using bioluminescence depth limit in the brain.

Bioluminescence imaging Monte Carlo simulations utilized the detectability of circular 10

um light sources mimicking neurons above the noise floor in <70% of cases as the

imaging depth limit [95]. For fluorescence imaging, the imaging depths for 1-photon

imaging were taken from experimental data. The deepest targets that can typically be

resolved are the blood vessels rather than individual neuron activity (e.g. blood vessels

in the SC can be imaged using 2-photon microscopy as deep as 200-300 um [33], [96],

[97] and using 3-photon as deep as 500 um [96]). It is also important to emphasize that

the depth limit definitions here exclude the depths achievable when using invasive

hardware such as GRIN lenses, prisms and implantable fibers, as well as the depths

achievable when using longer wavelengths (e.g. near-infrared 1-photon fluorescence

imaging has been shown to allow spinal vasculature imaging as deep as 350 um [98],

which exceeds even the 2-photon imaging depth reported up to date). Finally, it can be

noted that even though the spinal cord is significantly harder to image as deep as the

brain due to light scattering, another part that contributes to the limited imaging depth

achieved so far in the spinal cord is the significantly fewer spinal cord studies. The

abundance of brain imaging studies drives the momentum of rapid tool development
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building up upon previously developed tools. In the case of the spinal cord, the progress

heavily relies primarily on adopting brain tools to the spinal cord with much fewer

uniquely spinal cord tools (Fig. 10).

Bioluminescence imaging also offers significant benefits from the hardware

perspective. The lack of need for the excitation light also renders a much cheaper and

lighter microscope (Table 2). The important engineering consideration is the fact that in

general while offering a higher signal-to-noise ratio compared to fluorescence, the

bioluminescent signal is dimmer. Some previous studies estimated bioluminescence to

be about 1,000 dimmer than fluorescence with the emission of 103-105 photons/s vs. 108

photons/s, respectively [99]. However, the exact brightness comparison is hard to

estimate as it is dependent on the experimental conditions, and the brightness of the

bioluminescent indicators has been steadily increasing over the years [100]. Another

part of the equation is that imaging cameras are becoming more and more sensitive,

with the avalanche detectors approaching the market [101]. However, the increasing

sensitivity of the cameras raises the importance of the light-tightness between the

sample and the camera. With the high sensitivity cameras, even dim light sources in

vicinity of the sample can significantly affect the performance of the camera, especially

when imaging without optical filters. Finally, an important consideration must be given to

the administration of the bioluminescent substrate, luciferin. There are many possible

routes of administration for luciferin in mice and each route offers different temporal

dynamics, signal brightness, impact on the animal's body, compatibility with the animal's

behavior and the level of practical implementation complexity. Given the converging

progress in the bioavailability and brightness of the molecular and hardware tools,
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imaging of bioluminescent dynamics using low-cost miniature cameras seems to have

reached the point of feasibility [21] and hence is pursued in this thesis. I address the

above outlined challenges of bioluminescent imaging in this thesis to make the benefits

of bioluminescent molecular tools more accessible to the scientific community.

Figure 7. Bioluminescence offers fewer confounding optical factors due to the lack of excitation
light and offers a potential increase in the imaging depth for up to 3 fold for the brain and spinal
cord compared to 1-photon fluorescence imaging. (A) Illustration of the factors contributing to
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noise and confounding effects in the case of fluorescence (left) and bioluminescence (right). (B)
Illustration showing a potential increase in the imaging depth with bioluminescence compared to
1-photon fluorescence in the brain and spinal cord. Mouse somatosensory cortical layers and
spinal dorsal horn laminae marked in red indicate the approximate deepest cortical layers [10],
[97], [102] and laminae [97], [103] that can be imaged in an adult mouse via fluorescence and
bioluminescence. Imaging depths were determined from [95]. Brain background image in (B) is
from [104] and is in the public domain. Spinal cord background image in (B) is from [105],
licensed under Public Domain Mark 1.0.

The vascular endogenous light sensitivity part of this thesis presented in

Chapter 2 was inspired by recent reports on endogenous sensitivity of the blood vessels

in the brain [53] and lungs [106], [107]. However, the endogenous light sensitivity

properties have not been previously investigated for the spinal cord neurovascular

system. As the development of the surgical and imaging tools presented in this thesis

required the examples of reliable imaging of the neurovascular changes induced in a

temporally precise manner, the question on endogenous light sensitivity was perfectly

positioned as an example of the kind of novel unanswered question that can be

addressed using the imaging methodology developed in this thesis.

1.4. Multi-site, multi-modal imaging can help us understand

nociception, and the link between acute and chronic pain

following peripheral nerve injury

Processing of noxious and innocuous sensory information plays an important role

in acute and chronic pain of peripheral etiology. Acute and chronic pain of peripheral

etiology, for example, chronic postsurgical pain (CPSP), engages the

neuro-glio-vasculo-immune circuitry at the periphery (e.g. skin), dorsal root ganglia

(DRGs), spinal cord and the brain [108]–[110]. The complex nature of acute and chronic
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pain involves multiple parts of the body and, consequently, is a difficult topic to study. As

a consequence of significant knowledge gaps, chronic pain affects an estimated 20% of

people worldwide and is responsible for 15-20% of physician visits [111]. For the past 2

decades there has not been progress in decreasing the prevalence of conditions like

CPSP [112]. At the same time, the opioid epidemic has been on the rise [113], [114] and

new treatments either fail or show variable efficacy in heterogeneous populations and

pain etiologies [110], [115], [116]. The methodology I developed in this thesis can

provide critical knowledge on many open questions pertaining to the processing of

noxious and innocuous sensory information in health and disease. In this subchapter, I

discuss the examples of specific questions pertaining to nociception, acute pain and

chronic pain that can be studied using my methodology.

Recently it has been recognized that the progress in developing effective pain

treatments lacks behind in part because of a simple factor of the lack of agreement on

the definitions relevant for the study of pain. In addition to that, many animal studies

often do not specify whether they focus on acute or chronic pain because it is

challenging to differentiate between the stages of pain [117]–[119]. Hence, for the

purposes of this study, it is important to begin with some core definitions.

1.4.1. Definitions

The detection process of noxious stimuli (pain sensation is not necessarily

implied) by the primary sensory neurons is referred to as nociception [108]. The

sensory neurons responsible for nociception are called nociceptors, and are

categorized into the classes C, Aδ, and to a lesser extent, Aꞵ. Nociceptors have

activation thresholds or sensitivities that are different from the thresholds of neurons
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that process innocuous signals and are activated by stimuli (mechanical, thermal and

chemical) capable of causing tissue damage [108]. Nociceptors innervate not only the

skin, but also deep tissues and internal organs [109], the brain being one of the few

organs lacking nociceptors. In a healthy state, the processing of nociceptive information

by the brain can lead to the experience of acute pain. In a disease state, nociception,

acute pain, damage of the nervous system, cancer and many other factors can lead and

contribute to chronic pain. According to the International Association for the Study of

Pain (IASP), pain is defined as “an unpleasant sensory and emotional experience

associated with, or resembling that associated with, actual or potential tissue damage”.

IASP does not provide unified definitions of acute and chronic pain, as the nature of

pain varies significantly depending on etiology of pain. According to Carr and Goudas

1999, a common definition of acute pain is “the normal, predicted physiological

response to an adverse chemical, thermal or mechanical stimulus… associated with

surgery, trauma and acute illness” [120]. The International Classification of Diseases

(ICD) of the World Health Organization (WHO) defines chronic pain as “pain that

persists past normal healing time and hence lacks the acute warning function of

physiological nociception” [111]. Pain is commonly assumed to be chronic when it lasts

or recurs for more than 3 to 6 months [111]. Importantly, both acute and chronic pain

have affective (sometimes referred to as emotional) and sensory components [109],

[113], [120], [121]. The affective component influences the experience of pain by

contributing psychological and social factors such as attitudes, beliefs, culture, past

experiences and personality. Multiple brain areas have been identified to be responsible

for processing the affective component such as basolateral amygdala (BLA), prefrontal
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cortex (PFC), anterior cingulate cortex (ACC) and periaqueductal gray area (PAG) (Fig.

9A) [109], [121]. The sensory discriminative component of pain contributes the

sensory experiences of pain such as localization, perception of spatial spread, intensity

and other qualities of pain (e.g. stabbing, pricking, burning, aching). Some of the brain

areas implicated in the sensory component of pain include primary (SI) and secondary

(SII) somatosensory cortices, thalamus and cerebellum [109]. Neither affective nor

sensory components of pain exist outside the brain, and it has been shown that by

electrically stimulating thalamus in healthy individuals it is possible to evoke the

sensation of pain [122], [123]. These kinds of observations support the growing view of

pain as a central disorder [124], [125]. However, the idea that pain can be autonomously

sustained by sensitized brain circuits alone without interacting with the spinal cord

circuits or the periphery has not been experimentally confirmed yet. This question could

not be addressed up to date because it has not been possible to measure what is

happening in the periphery and the spinal cord during seemingly autonomously

generated pain [124].

1.4.2. Gaps in the knowledge

A rich plethora of studies have been conducted in an attempt to develop

mechanistic understanding of different types of pain. These studies examine pain at

many different biological scales: behavioral [126], [127], psychological [128]–[130],

gross brain [131]–[133] and spinal cord circuit [134]–[137], cellular [86], [109], [138],

[139], molecular [138], [140], [141] and epigenetic [142]. This abundance of studies has

yielded a large number of therapies. Most of these therapies are still under

investigation: exercise [143], [144], mindfulness [145], [146], transdermal drugs [147],
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injectable hydrogels [148], acupuncture [149], neurostimulation (e.g. deep brain

stimulation [150], [151], spinal cord stimulation [152]–[154], repetitive transcranial

magnetic stimulation [155], dorsal root ganglion stimulation [152], [154], [156], vagus

nerve stimulation [157]), focused ultrasound stimulation of the brain [158], [159], gene

therapy [160], tissue transplants [161]. The hallmarks of many pain therapies are

variable [110] or lacking efficacy [162], [163], and side effects [164]. Consequently,

despite well defined biopsychosocial side effects (e.g. respiratory depression, tolerance,

addiction, loss of independence, need for therapy) and high economical cost [164],

opioids remain the main treatment of choice. According to Centers for Disease Control

and Prevention (CDC), in 2017 the cost of opioid use disorder and fatal opioid overdose

totalled $1,021 billion [165]. Yet there are simply no better alternatives to opioids.

Opioids are the essential medications, and the most effective drugs for the relief of

severe pain, chronic pain and suffering [164], [166]. Opioids have a rapid onset of pain

relief, are recognized as generally safe by the CDC, can be readily produced in natural

and synthetic ways, and has the longest use history amongst all medications - the

knowledge about opioid psychological effects and usefulness in relieving pain and

diarrhea by Sumerians dates back to 4000 BC [164]. The impactful negative effects of

opioids stem from the wide distribution of opioid receptors throughout the body. Opioid

receptors are present throughout the peripheral and central nervous system, in the

immune white blood cells [164], [166] and in neural plexuses of the gastrointestinal tract

[164]. The complexity of opioid receptor function and their widespread presence

throughout the body leads to many efforts to harvest the analgesic benefits of opioid

receptor modulation without the side effects [164]. Furthermore, a predominant number
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of studies that aim to develop new therapies focus on chronic rather than acute pain.

Even though acute pain is part of a healthy response, in the cases where acute pain

needs to be mitigated, patients often have to rely on treatments developed for chronic

pain [117]. This potentially can limit the efficacy of acute pain therapies because of the

lack of knowledge of the mechanistic effects of chronic pain treatments on acute pain.

The above issues in efficacy of pain treatments follow from many fundamental

gaps in knowledge about the mechanisms of pain, especially when it comes to the link

between acute and chronic pain, as well as the temporal dynamics of processes

happening across distant parts of the body. The specific knowledge gaps that need to

be addressed are as follows:

● there is a lack of acute pain specific treatments because the majority of studies

focus on chronic rather than acute pain [117],

● the exact duration of acute pain phase and biomarkers of pain are not known

neither in humans nor in animals [167]–[169],

● it is still not known whether acute and chronic pain represent a continuum of a

single disease or two concurrently developing diseases or some more complex

combination of states [117], [170],

● the exact time courses of sensory information journeys from the periphery through

DRG and spinal cord towards the brain is not known,

● many specific genetic identity cells have been implicated in nociception and pain

(Fig. 9A), but we do not know enough about their temporal dynamics and circuit

interactions throughout the development of pain,
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● it is not known how multiple types of pain (e.g. migraine and peripheral nerve injury)

or multiple types of diseases (e.g. pain and depression, pain and bone injuries)

interact with each other at the circuit level [171]–[174],

● it is not known whether pain can be autonomously sustained by the brain without

the interactions with the spinal cord and the periphery [124],

● it is not known how some of the experimental pain therapies (such as spinal cord

stimulation (SCS)) work or how combined therapy (e.g. combining transcranial

alternating current stimulation + photobiomodulation (PBM) + exercise) affect

different parts of the nervous system,

● it is not known how the efficacy of treatment depends on the time passed since the

onset of chronic pain (e.g. initiate the SCS right at the onset of chronic pain or years

later) [175], [176],

● it is not known whether pain has just 2 clinically relevant time points (i.e. onset of

pain and transition time point from acute to chronic pain) or many more relevant

time points throughout pain development…

We can gain deeper insights into many of these questions only by looking at

multiple parts of the body in the same animal and by collecting the dynamic data along

the continuum of disease rather than collecting the data from discrete time points.

Furthermore, even with the current state-of-the-art technologies, to understand what is

happening in the brain and spinal cord during similar conditions, we would need a

double number of animals to study each organ independently. As we increase the

number of imaging targets and sites, the number of needed animals will keep

increasing. This means extra variability in the data, extra confounds, higher costs,
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longer lab-to-knowledge timelines, lower repeatability and, most importantly, higher

numbers of animals exposed to pain. Being able to collect the data in the brain and

spinal cord in the same animal alleviates all of these multiplicative issues.

1.4.3. Engineering specifications for imaging methodology needed to

understand circuit mechanisms behind the acute and chronic postsurgical

pain

The tools developed in this dissertation are important for understanding a variety

of diseases and pain conditions of different origins. Here I consider a particular example

of CPSP [112]. CPSP can be caused by a variety of triggers, but at least one-third of

cases have neuropathic components such as direct nerve injury [112]. CPSP is a

common condition. It has been reported that 22.5% of patients attending the pain clinics

attribute their pain to past surgeries. Moderate CPSP occurs in 11.8% of surgical

patients and severe CPSP in 2.2% of surgical patients in Europe [112].

CPSP after peripheral nerve injury is a disease that can particularly benefit from

multi-site imaging tools developed in this dissertation because its spatio-temporal onset

can be well defined. In an animal model, CPSP can be induced by a sciatic nerve injury

(SNI) [177]–[179]. This offers a precisely controlled onset in time and a clearly defined

target for imaging in the periphery. Precise temporal and spatial localization of

CPSP-SNI makes it possible to track dynamically the state of

neuro-glio-vasculo-immune circuits throughout the development of disease pre- and

post-injury. However, in order to conduct this form of dynamic circuit mapping

throughout the body and throughout the full development process of CPSP-SNI, the

imaging method needs to meet the following specifications (Fig. 8):
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Figure 8. The input (goal) specifications of the imaging method were defined at the beginning of
this dissertation work based on the knowledge gaps surrounding acute and chronic pain. SC =
spinal cord, DRG = dorsal root ganglion, SCS = spinal cord stimulation, PBM =
photobiomodulation, CPSP-SNI = chronic post-surgical pain caused by sciatic nerve injury.

I. 4 imaging sites: brain, spinal cord (SC), dorsal root ganglia (DRG) and skin are

well known parts of the sensory signaling pathways important for pain of

peripheral etiology [110]. By imaging the injury site concurrently with DRG, SC

and brain, we can understand the interactions of the dynamic processes

happening throughout the circuits distributed throughout the body (Fig. 8, I).
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II. Neural voltage dynamics at ≥ 400 fps with spatial resolution of 1-200 um: to

understand the function of neural circuits of acute and chronic pain, we need to

be able to image neural voltage dynamics. The timescale of action potentials

requires imaging at the framerates of ≥ 400 fps and we need to have an

appropriate spatial resolution to study the mechanistic roles of different neural

components. 1 um resolution for imaging nerve endings is based on the imaging

resolution used in [79] to image calcium responses to capsaicin of Trpv1 nerve

endings in the skin, 5 µm resolution is based on the size of spinal dorsal horn

neurons being on the order of 10 µm [180], and 200 µm resolution is based on

functional magnetic resonance imaging (fMRI) studies in mice focusing on gross

brain area dynamics during the processing of noxious and innocuous sensory

signals [181]–[184] (Fig. 8, II).

III. 4 imaging targets and channels with genetic and functional specificity: to

understand pain, it is not enough to image only neural dynamics. Beyond

neurons, it is important to image blood vessels, glial cells and immune system (4

targets) [185] and, ideally, simultaneously in the same animal (4 imaging

channels) with genetic and functional specificity. It is important to be able to

image not only cells, but also the signaling mechanisms, such as imaging the

neurotransmitters [78], [186]. The need for 4 imaging channels refers not only to

the ability to image simultaneously all 4 targets, but also imaging 4 different cell

types within the same target (e.g. 4 different populations of neurons) or any other

combinations. One example of multi-channel imaging is the use of multiple

fluorescent [91], [187], [188] or bioluminescent [189]–[191] colors. Genetic
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specificity refers to the ability to target cells of specific genetic identities.

Functional specificity refers to the ability to target cells based on specific

functional phenotypes (e.g. fast spiking vs. slow spiking neurons) (Fig. 8, III).

IV. 10-500 um imaging depth in the spinal cord and 15-1,000 um imaging depth in

the cortex with ability to image in 3D: to understand pain, we need to understand

the dynamics across V dorsal horn laminae in the spinal cord and 6 cortical

layers of the somatosensory cortex in 3D. The minimal imaging depth

requirement in the spinal cord of 10 um corresponds to the average size of spinal

dorsal neurons and 500 um corresponds to the depth of lamina V - the deepest

dorsal horn lamina known to be involved in sensory information processing [83],

[97], [192]. The minimal imaging depth requirement in the brain of 15 um

corresponds to the average soma diameter in the primary visual and frontal

cortices [193], and 1,000 um in the brain corresponds to the thickness of the

somatosensory cortex in adult mice [194], [195]. Even though the somatosensory

cortex is one of the key areas for processing the innocuous and noxious sensory

stimuli, “pain matrix” spans many brain areas [109] and ideal imaging depth

would span the entire mouse brain (~4 mm [196]) to avoid the use of more

invasive optical imaging approaches such as implantable lenses, prisms and

fibers (Fig. 8, IV).

V. Absent or well-controlled impact on animal’s biology: an ideal imaging method

should allow to collect the data without biological effects confounding the study

(e.g. it can be challenging to derive meaningful conclusions about vascular

function when an imaging method requires the application of isoflurane

32

https://paperpile.com/c/WCrBc0/iq0Q+sBff+j2nY
https://paperpile.com/c/WCrBc0/iq0Q+sBff+j2nY
https://paperpile.com/c/WCrBc0/sqd4
https://paperpile.com/c/WCrBc0/Rc63+5Cx1
https://paperpile.com/c/WCrBc0/KYVL
https://paperpile.com/c/WCrBc0/llWT


anesthesia because of its known effects on vascular function [53]). However, an

imaging method that impacts animal’s biology in a controlled manner is a

powerful tool for generating new insights (e.g. restraint impacts animal’s natural

behavior, but allows to control many experimental factors such as consistent

application of optogenetic stimulation to study nociception [126]). Part of the

compatibility with natural behaviors includes the lack of adverse effects on

animal’s health and consequently, the lack of uncontrolled (or minimal well

known) effects on the investigated neuro-glio-vasculo-immune processes (Fig. 8,

V).

VI. Being able to image for ≥ 3 months, ≥ 6 minutes/day: we want to be able to

image for as long as necessary to understand the development of disease. Many

insights into nociception can be gained from acute studies whereas chronic pain

requires the ability to track the disease for days or months [121]. The goal of

being able to image for ≥ 3 months is based on the definition of chronic pain for

humans. ≥ 6 minutes/day goal is based on our in-lab experience of needing ≥ 30

trials of sensory stimulation to start gaining insights into how a given sensory

system functions (e.g. stimulation of vibrissa processed by somatosensory

cortex). Based on the typical timing of vibrissal stimuli employed in our lab, ≥ 6

minutes are needed to collect 30 trials. The specific pain behaviors developed in

our lab require the ability to perform animal’s behavior for ≥ 1 hour [126]. Hence,

in order to gain insights into sensory information processing dynamics, we need

to be able to image for at least 6 minutes/day or for more sophisticated

behaviors, for ≥ 1 hour/day (Fig. 8, VI).
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VII. High imaging repeatability between animals: the imaging method should allow to

obtain comparable results across different animals within the tolerances of

natural biological variability (e.g. it should be possible to observe comparable

features of responses across different animals when applying the same noxious

hindpaw stimulation and imaging in the same brain-spinal cord areas under

comparable experimental conditions) (Fig. 8, VII).

VIII. Compatibility with behaviors relevant for gaining answers about CPSP-SNI: the

imaging method should be compatible with behavioral essays needed to fully

understand the disease mechanisms. In the case of pain, this often includes von

Frey reflex testing [121], thermal stimulation of the hindpaw [79], place

preference test [197], videographic tracking of animal motion [127], [198] and

grimase [199], [200] for pain scoring, and optogenetic stimulation behavior for

self-report of nociception [126]. These behaviors can require anesthetized,

restrained and freely moving animal preparations (Fig. 8, VIII).

It should be noted however that the above specifications are not aimed at

defining the ultimate imaging system capable of addressing every imaginable question

pertaining to CPSP-SNI. Rather, the imaging method that meets the above

specifications would significantly advance the basic and translational systems

neuroscience knowledge of circuit dynamics underlying CPSP-SNI (as well as rich

variety of other questions pertaining to pain of other etiologies, wound healing, spinal

cord injury, photobiomodulation therapy, spinal cord stimulation therapy, etc.). In

defining the above specifications, I particularly considered the feasibility given current

state-of-the-art. Without considering the feasibility, the ideal method would be the one
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that allows us to image the dynamics of everything from individual molecules to full

body-spanning circuits at sub-millisecond temporal resolution in naturally behaving

animals living in the wild. Even though the focus of this thesis work was entirely on

optical microscopy, the physical nature of the imaging method was intentionally not

implied when defining the specifications in Fig. 8 because many other imaging

modalities such as photoacoustic imaging and functional ultrasound imaging offer rich

promise in the domain of circuit systems neuroscience [88], [201].

1.4.4. Experimental approaches demonstrated in this thesis towards

studying the processing of noxious and innocuous sensory signals

The scope of this dissertation has been on developing multi-site, multi-modal

imaging methods for studying spinal cord, brain, and vascular dynamics towards

meeting the specifications outlined in Fig. 8. Given this scope, I demonstrate how my

methodology can be applied to study the noxious and innocuous sensory information

processing in healthy animals. The development of this methodology brings us closer

towards being able to study acute and chronic pain using the same exact

methodological building blocks demonstrated in this dissertation.

To demonstrate the ability to study the processing of noxious sensory signals

using methods developed in my thesis, I employed mechanical pinching and the

optogenetic stimulation of hindpaw using Trpv1Chr2EYFP+/− transgenic animals (Fig. 9B).

Peripheral nerve injury (e.g. surgical sciatic nerve injury) is known to involve activation

of transient receptor potential cation channel subfamily V member 1 (Trpv1) receptors

[107]. In the absence of injury, activation of Trpv1 by strong (i.e. noxious) heat or

capsaicin is part of the healthy nociceptive processing. Transgenic Trpv1Chr2EYFP+/−

35

https://paperpile.com/c/WCrBc0/GW2U+4G34


animals allow to open Trpv1 ion channels by shining blue light (the peak absorption of

channelrhodopsin-2 (ChR2) is around 470 nm [202]) at the tissues naturally containing

Trpv1 proteins. In our case, we are specifically interested in Trpv1 ion channels

expressed in A and C fiber peptidergic neurons, their axons in the sciatic nerve and

nerve endings in the skin responsible for detection of noxious heat [203]. To

demonstrate the ability to study the processing of innocuous sensory signals, I

employed mechanical touch and the optogenetic stimulation of hindpaw using

Cacna1hChr2EYFP+/− transgenic animals (Fig. 9C). Transgenic Cacna1hChr2EYFP+/− animals

allow to control Cav3.2  ion channels by shining blue light at the tissues naturally

containing Cav3.2 proteins and being genetically modified to also express the

light-sensitive opsin ChR2. Cav3.2 ion channels have been implicated in acute itch

[204] and in the hindpaw skin these channels are primarily responsible for C- and

Aδ-fiber low-threshold mechanoreception (LTMR) [205]. LTMRs have also been shown

to drive pain in the case of allodynia [206], [207] and suppress nociception when the

inputs of innocuous LTMR coincide in time with the noxious signals [208] as has been

hypothesized by the Gate Theory of Pain [209]. In essence, optogenetic Trpv1Chr2EYFP+/−

and Cacna1hChr2EYFP+/− animals allow us to probe with nanosecond temporal precision of

light delivery the neural pathways known to be implicated both in healthy nociception

and chronic pain.

The somatosensory circuits responsible for processing the noxious and

innocuous signals are summarized in Fig. 9A. In the case of noxious signals, the

illustrated pathways can lead to the experience of acute pain. The same pathways are

also implicated in chronic pain, however in the case of chronic pain the stimulus of the
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skin is no longer necessary to experience pain. Consequently, Fig. 9B-C highlights that

the transgenic animal models used in this thesis allow to directly study parts of the

somatosensory pathways implicated in nociception, acute pain and chronic pain. Fig. 9A

also highlights a number of molecular targets that have been reported to be relevant for

processing of somatosensory signals (Trpv1 [210], Pirt [211], Thy1 [38], CaMKIIɑ [121],

[212], [213], PKCγ [86], PV [86], [214], SOM [215], Vglut2 [216], RARɑ [85], VIP [217]).

The listing of these molecular targets in Fig. 9A is by no means comprehensive and

rather provides examples of relevant molecular identities.

Beyond the transgenic optogenetic lines, I employed wild type animals to test the

optical sensitivity of blood vessels in the spinal cord. Being able to modulate the

function of blood vessels directly in the central nervous system is another approach in

modulating the biological function (e.g. the processing of sensory information, the

biodistribution of pharmaceuticals) in a temporally and spatially precise manner. Finally,

part of my dissertation work involved development of bioluminescent imaging

methodology. Bioluminescence imaging is an essential part of work towards achieving

the required methodological specifications defined in Fig. 8.
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Figure 9. The experimental models demonstrated in this thesis (Trpv1 x ChR2, Cacna1h x
ChR2, mechanical stimulation, endogenous light modulation) allow the study of pathways
involved in the processing of noxious and innocuous signals. (A) Somatosensory pathways in
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healthy states are responsible for the processing of innocuous and noxious signals. Noxious
signals can lead to the experience of acute pain. Listed brain areas were informed by [109],
[113], [218]. Listed skin receptors were informed by [79]. (B-C) The pathways activated
experimentally in this thesis using Trpv1 x ChR2 and Cacna1h x ChR2 allow partial engagement
of the pathways shown in (A). Brain pain network from [109], [218]. S1 = primary somatosensory
cortex , SII = secondary somatosensory cortex, ACC = anterior cingular cortex, PFC = prefrontal
cortex, PAG = periaqueductal gray area, AMY = amygdala, NAc = nucleus accumbens, DRG =
dorsal root ganglia. Created with BioRender.com.
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CHAPTER 2
2. Multi-site and Multi-modal Optical Imaging

Methods for Studying Spinal Cord, Brain, and

Vascular Dynamics

2.1. Preface

This chapter summarizes my efforts to improve existing optical methods for brain,

spinal cord, and vascular imaging and modulation. My work in this chapter was inspired

by observing significant gaps in chronic spinal cord imaging and modulation

methodologies. In parallel with developing the optical tools for the spinal cord, I was

working on imaging the sensory brain responses. As I was trying to achieve reliable

response imaging independently in the brain and spinal cord, it became obvious that

many questions pertaining to the processing of noxious and innocuous signals require

synchronous study of the brain and spinal cord. Following this realization, I became

fascinated about the idea of functional neuro-glio-vasculo-immune imaging with single

cell resolution throughout the entire body. Present chapter is my first step towards this

distant dream.

2.2. Contributors to this chapter
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2.3 Abstract

Despite advances in targeted imaging described in Chapter 1, these have almost

uniformly been realized through imaging in a single brain area at once. However, the

biological dynamics underlying behavior, and their failure in disease, require

coordination and often transformation in multiple body regions. Specifically, methods for

simultaneous, chronic imaging from the Brain and Spinal Cord (BASC) is a key next

step to enable advances in understanding topics such as the coordinated multi-site

activity required for motor action and tactile sensation, the functional representation of

pain, recovery from injury, and comparative progression of diseases such as ALS and

spinal cord injury. In this Chapter, I describe a new, systematic approach I

developed for chronic BASC imaging in transgenic and wild-type mice. I describe

strategies for allowing multi-site microscopic access, surgical strategies, implant

designs, and long-term adaptation of mice to these methods. I then provide multiple
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examples of neural and vascular imaging in both foci up to 230 days post-surgery. The

examples of responses to the optogenetic activation of thermo-chemical receptors

(Trpv1-expressing) and low-threshold mechanoreceptors (Cacna1h-expressing), as well

as the endogenous light responses of blood vessels in the spinal cord have never been

demonstrated before. I conclude with a discussion of key next steps in refining BASC.

2.4 Introduction

Transformational advances have been made in the last 15 years using

genetically-targeted expression in specific cell types [219], [220]. Expressing calcium

indicators in a single neuron subtype allows measurement of their relative rates and

correlations, perception, action and cognition, and in disease models. Until recently,

genetically-targeted imaging in the brain was almost exclusively realized in relatively

focused regions of interest. Such single foci typically span a few hundred micrometers.

Increasingly, larger window sizes have permitted ‘mesoscopic’ access to a broader field

of view [221], including the entire dorsal neocortical brain surface [5] or large regions in

deeper structures such as the dorsal striatum [78].

While these approaches permit broader access to a single brain area, they

typically do not allow imaging of multiple distinct brain areas, for example, beyond just

the neocortex. However, even the simplest behaviors require more than a single brain

area, and more than just the brain alone [109], [222], [223]. As one example, processes

such as explicit memory of a single item are widely considered to require an engram, in

which specific ensembles of cells that encode the relevant information are chained to

other downstream specific ensembles, and their combined, interdependent activity
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results in the recall of information [224]. Understanding this phenomenon will

necessarily require studying how transmission depends on the conjoint activity of

multiple regions, or how the co-emerging dynamics occurring in coordinated regions

(but, that would be invisible by analysis of any one region alone) are key.

Another fundamental process important to our biological existence is the

processing of noxious and innocuous environmental stimuli. The process of perceiving

skin deformation (touch) engages the receptors in the skin [225], [226], the primary

afferents [227], the neurons in the dorsal root ganglia [35], the interneurons and

astrocytes in the dorsal spinal cord [36], [225], [226], [228], [229], the local reflex loops

throughout the spinal cord [139] and many brain areas such as brainstem [230],

thalamus [223] and the somatosensory cortex [230]. Traditionally when studying

sensory and nociceptive information processing most groups focus on the brain alone

[12], [212], [215], [231]. One of the main areas of great interest is primary

somatosensory cortex (S1) studied both in humans [232] and awake behaving

rodents [12], [215], [231]. Although the studies of the brain alone have been

instrumental in furthering our understanding of the sensory information processing, they

neglect the downstream long-term and short-term neuro-glio-vasculo-immune dynamics

in the spinal cord, dorsal root ganglia and the skin. Other groups study the activity of the

spinal cord [37], [39], [40], [42], [84]–[88], dorsal root ganglia [38] and the skin alone

[79]. Spinal cord studies have demonstrated the importance of not only neurons [37],

[39], [42], [84], [86], [87], but also astrocytes [37], [39], [40] and hemodynamics [88]

during the processing of cutaneous inputs. However, the brain, spinal cord, dorsal root

ganglia and the skin cooperate together to orchestrate the perception of sensory
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information. Hence, to fully understand the biology behind animal behaviors and the

mechanisms of such diseases as chronic pain, amyotrophic lateral sclerosis and spinal

cord injury, we need to be able to study the multiple parts of the body engaged in the

behavior or affected by the disease.

Despite the clear need for a multi-site approach in many contexts, multi-site

imaging studies have yet to be widely adopted, likely due to the many technological

challenges. Such studies require long-term healthy survival after multiple invasive

surgeries, maintenance of optical access in multiple positions (ideally chronically),

successful behavioral adoption by the animal of multiple distinct implants, and resolution

of steric hindrance between different imaging microscopes/devices.

Building on decades of use of chronic electrophysiological chambers [233], [234]

and development of methods for chronic intrinsic imaging [235], [236], imaging of

genetically-targeted cell types in neocortex has grown relatively linearly over the past

few decades (Fig. 10A). While many challenges remain, this mode of functional brain

microscopy is a mature technology, and has been applied for months [237]–[239] or

even years [240]–[242] in the same preparation.

In contrast, chronic spinal cord microscopy has received significantly less

attention (Fig. 10A). In the recent years the counts of publications on brain microscopy

per single year started to approach the sum of all articles published on chronic spinal

cord microscopy over the last 25 years (i.e. 124 articles on brain microscopy in 2019 vs.

165 articles on spinal cord microscopy over the past 25 years). While there has been

exciting recent progress (Fig. 10B), the widespread adoption of spinal cord imaging

remains slow because of the multiple challenges imposed by the physio-anatomy of the
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spinal cord. Spinal cord is more challenging to image than the brain from the optical

perspective because of the higher photon scattering noise and shallower imaging depth

caused by imaging through the dense myelinated fiber tracts on the dorsal surface [74].

Further, and likely the most important factor retarding the adoption of these methods

despite their clear need, is the more complex surgical preparation compared to the

neocortex. The factors that make the spinal cord surgical procedures particularly

challenging include:

i. The vertebral column is a mobile organ undergoing constant bending and

twisting in 3D space, which makes the tissue around the spinal cord implants

more susceptible to injury and reduces the longevity of spinal cord windows;

ii. In mice, the vertebral bone is approximately 65 um thick [243], is trabecular in

structure, and the vertebral column is around 3 mm in diameter. These aspects of

anatomy offer much less stable and more flexible structure for securing the

implant hardware in place compared to the brain where the skull provides a

massive, stable surface for securing the implant;

iii. High mobility and lower structural strength of the vertebral bones make it

challenging to design a spinal cord implant composed of a single part (plus a

glass or polymer window) akin to the brain implants [244]. The most widely

adopted implant developed by Farrar et al. [33] is composed of 7 parts. The

large number of components complicates the surgical procedure, introduces

additional points of failure and ultimately, reduces the quality and longevity of the

overall surgical preparation.
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The complexity of the surgical procedure leads to the high adoption barrier for

any spinal cord procedures. Spinal cord surgeries require more practice compared to

the brain surgeries and are significantly harder to learn from reading the publications

alone. Hence, every spinal cord methodological report including present work requires

extreme attention to smallest details and good visualizations of the procedures as the

procedural repeatability is especially challenging with the spinal cord.
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Figure 10. The spinal cord and brain-spinal microscopy lacks the well-established tools
available to brain scientists with the majority of methodological progress for spinal cord imaging
happening over the last several years. (A) Bar plot summarizing the publication counts
throughout the last 25 years for the brain and spinal cord microscopy studies. The publication
counts were obtained from the Web of Science using the following keywords: (i) Brain, mice,
imaging, microscopy; (ii) Spinal, cord, mice, imaging, microscopy. The search was focused only
on the field of Neuroscience. (B) Last decade milestone overview in chronic imaging of the
spinal cord and dorsal root ganglia. Image sources from left to right: adapted by permission from
Springer Nature Customer Service Centre GmbH, [33], © 2012 Farrar et al., under exclusive
license to Springer Nature America, Inc.; from [37], © 2016 Sekiguchi et al., licensed under CC
BY 4.0; from [38], © 2019 Chen et al., licensed under CC BY 4.0; from [39], © 2021
Shekhtmeyster et al., licensed under CC BY-NC-ND 4.0; from [41], © 2022 Ju et al., licensed
under CC BY-NC-ND 4.0; from [42], © 2022 Sullivan and Sdrulla, licensed under CC BY 4.0;
from [43], © 2022 Wu et al., licensed under CC BY 4.0. No changes were made to any images
except for rearrangement and removal of panel letter labels.

The present study describes methods for multi-site BASC imaging. As shown in

Fig. 11, answers to key questions would benefit from, or require, this approach.

However, BASC imaging has not been established. The feasibility of simultaneous

BASC imaging was demonstrated in a review article by Nelson et al. 2019 showing an

example of the 2-photon imaging of the brain and 1-photon imaging of the spinal cord

using a custom miniscope [97]. While a valuable proof-of-concept, this review article did

not include any methodological details on how to replicate the demonstrated example of

BASC imaging. Another more distant example of prior art includes the imaging of

multiple brain areas such as cerebellum and cerebral cortex in unrestrained mice using

custom miniscopes (NINscope) [15]. Albeit focusing on a single organ, this study

recognized the importance of studying the dynamics across multiple foci of a complex

system rather than a single point. Besides the basic science value of multi-site imaging,

the preclinical value has been also demonstrated by Figley et al. 2013 [245] by imaging

the tumor micrometastases from the brain to the spinal cord using bioluminescence

outside the body followed by the implantation of a spinal cord window for more precise
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anatomical localization of tumor cells. The next impactfully informative step would be to

image chronically the time course of micrometastases in parallel with progressive

changes in brain and spinal cord activity. This is one of the many potential applications

of the methodology outlined in this report with some other examples including

amyotrophic lateral sclerosis, spinal cord infarction, wound healing, cancer, metabolic

syndrome, influence of environmental factors (e.g. ionizing radiation, altitude, low

gravity) and photobiomodulation.

Figure 11. The multi-site imaging technique enables sequential and simultaneous brain-spinal
cord studies allowing to broaden circuit understanding by measurement and control of foci
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spanning brain and spinal cord within the same animal. BASC (i) improves the quality of
research studies focusing on the brain and spinal cord at the same time, (ii) leads to more
cost-efficient and humane experiments, and (iii) allows new kinds of studies on brain-spinal cord
interactions that have not been possible before.

The absence of direct progress in this domain likely reflects the fact that the

chronic spinal cord optical access model alone still has not been widely adopted. Also,

and perhaps more importantly, the multi-site BASC imaging requires resolution of the

challenges associated with both the spinal cord and brain optical access separately, and

unique additive challenges created by combining both organ preparations. Surgical

preparation of both the spinal cord and the brain within the same animal is one of the

crucial considerations that is addressed by the present work. Prior to this study, it was

unknown how well the same mouse can handle both a brain and spinal cord window

surgical procedure and maintain long-term good health following double implantation.

In this report we describe the surgical, imaging and stimulation methodology and

tools needed to overcome the hurdles of imaging the brain and spinal cord in sequence

in the same animal across months and simultaneously in a single experiment. The

examples of the heat receptor (Trpv1-expressing) and mechanoreceptor

(Cacna1h-expressing) activation driven responses, as well as multi-site perfusion

examples demonstrate the approach of how described methodology can be applied to

study the sensory information processes and drug bioavailability. We preview the future

frontiers of integrated full-body studies by demonstrating the feasibility of imaging the

perfusion simultaneously throughout three parts of the body with the individual blood

vessel anatomical resolution.
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2.5 Results

2.5.1 Low-cost 3D-printed cranial and vertebral implants enable chronic

imaging using 1- and 2-photon microscopy and freely behaving animal

imaging using miniscopes

A key goal of my technological Thesis is to allow multiple kinds of data

acquisition in the same mouse. To this end, I developed approaches for

simultaneous window implantation for imaging and optical control in the brain

and spinal cord. Further, my implants can accommodate both restrained behavior

imaging using fixed ‘benchtop’ 1- and 2-photon microscopy (Fig. 12C, middle and

right) and free behavior with miniscopes (Fig. 12C, left). In addition, this implant

can be used both in the brain and spinal cord making it universal for studying

different parts of the central nervous system (CNS) (Fig. 12B).

As this Thesis goes to press (October 2022), the cost of outsourced high

resolution stereolithographic 3D-printing from Accura 60 resin with quick clean finish is

~$76/implant (www.3dsystems.com). Further, 3D-printing cost becomes negligible when

using in-house 3D-printing. Machined spinal cord implants cost on the order of $349/

implant for the individual implants or $171/implant when ordering in bulk (Neurotar Inc.).

Further, our implant chambers are the first that allow imaging both in freely behaving

animals with miniscopes and under restraint. Commonly available miniscope baseplates

cost ≥$32/implant (miniscopeparts.com), but do not allow animal restraint and cannot be

used for chronic spinal cord imaging.
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Figure 12. 3D-printed cranial and vertebral implants allow multi-site imaging of restrained and
freely behaving animals using benchtop microscopy and miniscopes. (A) 3D-design rendering of
the brain-spinal cord implant showing the exploded views of the implants for the brain and spinal
cord, as well as an assembled spinal cord implant with the mounted UCLA miniscope v4.4. (B)
A brain implant positioned over the primary somatosensory cortex (left) and a spinal cord
implant clamped over Th13-L2 vertebrae (right). (C) Application of two implants in the same
awake animal for chronic imaging using two miniscopes (left), application of the miniscope for
the brain and benchtop microscope for the spinal cord imaging of an anesthetized animal
(middle), and application of 2 implants and 3 miniscopes for the concurrent perfusion imaging of
the brain, spinal cord and the hindpaw under anesthesia.
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Our implants allow long-term functional imaging with comparable impact on

animal’s health as state-of-the-art implants. Qualitatively we have not observed any

differences in animal behavior or gross tissue impact compared to our use of

established spinal cord implants machined from stainless steel originally developed by

Farrar et al. 2012 [33] and the stainless steel headposts used typically in 2-photon

imaging [59]. We were able to image calcium responses of individual neurons in the

spinal cord for up to 37 days (Fig. 16A) and dynamic ‘field’ 1-photon responses for up to

154 days (Fig. 16B). The dominant form of spinal cord implant failure was overgrowth of

the window (Fig. 13). For ease of reference, we refer to our Novel 3D Printed

Common format implant as the NPC.

Figure 13. Example anatomical changes of the spinal cord observed through the spinal cord
window across day 1, day 3 and day 39 after the spinal cord window implantation.

2.5.2 Animals tolerate multi-site surgeries well

All implant iterations and surgical combinations tested during this work showed

comparable impact on animal’s health based on qualitative tracking of animal weights

and qualitative observations of behavior. The leading implants and surgical

combinations tested during this work included 7 different preparations and are

summarized in Fig. 14. Cumulatively this analysis included 41 animals. The multiple
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one-way ANOVA comparisons using Bonferroni method included the comparison of 300

surgical preparation pairs. For all comparison groups it was hypothesized that different

surgical preparations will not result in significant animal weight changes. This analysis

identified no significant differences between any of the compared groups when using a

significant level adjusted for multiple comparisons (i.e. p = 0.05/300 = 0.00017). The

surgical preparation groups and the p-values involving corresponding groups were as

follows:

I. Implantation of a machined brain headpost with cortical viral injections (the

multiple comparison involving this group included 69 comparisons; 65

comparisons resulted in p=1; comparison of group I day 1 and group VII

day 3 has p=0.642, comparison of group I day 3 and group VII day 3 has

p=0.121, comparison of group I days 5-14 and group V days 5-14 has

p=0.901, comparison of group I days 5-14 and group VII days 5-14 has

p=0.034);

II. Implantation of machined spinal cord implant (design described in [33]; the

multiple comparison involving this group included 69 comparisons; 68

comparisons resulted in p=1; comparison of group II day 3 and group III

day 1 has p=0.457);

III. Spinal cord viral injection without implants (the multiple comparison

involving this group included 47 comparisons; 40 comparisons resulted in

p=1; comparison of group III day 1 and group II day 3 has p=0.457;

comparison of group III day 1 and group V days 5-14 has p=0.168;

comparison of group III day 1 and group VII day 1 has p=0.507;
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comparison of group III day 1 and group VII days 3 has p=0.007;

comparison of group III days 5-14 and group V days 5-14 has p=0.487;

comparison of group III days 5-14 and group VII days 1 has p=0.890;

comparison of group III days 5-14 and group VII days 3 has p=0.023);

IV. Spinal cord 3D-printed implant with viral injection (the multiple comparison

involving this group included 47 comparisons; 45 comparisons resulted in

p=1; comparison of group IV day 1 and group VII day 3 has p=0.695;

comparison of group IV day 3 and group VII day 3 has p=0.315);

V. Implantation of machined brain implant (surgery #1) followed by

implantation of 3D-printed spinal cord implant (surgery #2) (the multiple

comparison involving this group included 129 comparisons; 126

comparisons resulted in p=1; comparison of group V surgery #2 days 5-14

and group I days 5-14 has p=0.900; comparison of group V surgery #2

days 5-14 and group III day 1 has p=0.168; comparison of group V

surgery #2 days 5-14 and group III days 5-14 has p=0.487);

VI. Implantation of machined brain implant with viral injection (surgery #1)

followed by implantation of 3D-printed spinal cord implant with viral

injection (surgery #2) (the multiple comparison involving this group

included 129 comparisons; 127 comparisons resulted in p=1; comparison

of group VI surgery #1 days 1 and group VII days 3 has p=0.231;

comparison of group VI surgery #1 days 3 and group VII days 3 has

p=0.791);
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VII. Implantation of brain implant and 3D-printed spinal cord implant within a

single surgical procedure (the multiple comparison involving this group

included 69 comparisons; 58 comparisons resulted in p=1; all the p-values

smaller than 1 were listed as part of the comparisons involving all the

previous groups).
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Figure 14. Animals tolerate comparably well the standard stainless-steel cranial and spinal
implants, our ‘NPC’ 3D-printed implant surgeries, and multiple surgeries combining these
strategies. The top box plot summarizes the animal weight changes on post-surgical day 1, day
3 and the average weights throughout days 5-14 for different surgical preparations. The
photo-based legend at the bottom explains the depicted surgical preparations by color-coding
each surgical group. Multiple one-way ANOVA comparisons using Bonferroni method found no
significant differences between any surgical groups. n = number of animals in each surgical
group.

2.5.3 Response evoked by mechanical stimulation and optogenetic

activation of thermo-chemical nociception receptors (Trpv1-expressing) and

low-threshold mechanoreceptors (Cacna1h-expressing) can be reliably

imaged in neocortex

Mechanical stimulation and optogenetically evoked brain responses can be

chronically imaged in the brain of Trpv1Chr2EYFP+/− and Cacna1hChr2EYFP+/− transgenic

animals as far as 203 days following brain viral injections with headpost implantation.

Fig. 15 demonstrates cortical responses for left and right hindpaw stimulation with 4

different types of stimulation in 3 animals. Contralateral 1.69 mW stimulation of hindpaw

in Trpv1Chr2EYFP+/− (Fig. 15A) yielded strongest responses >4% change above the

baseline, albeit Trpv1Chr2EYFP+/− animal showed >1% responses to ipsilateral stimulation

as well. The responses to ipsilateral 1.69 mW stimulation in Trpv1Chr2EYFP+/− were

sustained longer by ~1 s compared to the contralateral stimulation, and in both cases

the responses were sustained for ≥5 s. The responses to optogenetic activation of C-

and Aδ-LTMRs [205] in Cacna1hChr2EYFP+/− (Fig. 15B) were observed reliably in response

to the ipsilateral stimulation in one of the two animals. The response had bi-phasic

nature with more immediate response around 0.5% change followed by an immediate

suppression after the end of stimulation with subsequent sustained activation for the
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remainder of the trial. In both cases of Trpv1Chr2EYFP+/− and Cacna1hChr2EYFP+/−, the animals

responded reliably to the strongest (1.69 mW) and medium (1.08 mW) stimulation, and

only Trpv1Chr2EYFP+/− showed responses on the order of 0.2% to the lowest (0.28 mW)

amplitude contralateral stimulation. The second Cacna1h x ChR2 animal (Fig. 15C)

showed reliable responses to mechanical stimulation on the order of 0.2% change when

stimulating either side, albeit the responses to the contralateral stimulation were

stronger in magnitude and were sustained outside of the stimulation interval in contrast

to the ipsilateral responses.

Figure 15. Optogenetic and mechanical stimulation evoked brain responses in Trpv1Chr2EYFP+/−

and Cacna1hChr2EYFP+/− can be reliably imaged under anesthesia for over 6 months using
benchtop 1-photon electron multiplying CCD (emCCD) camera. (A) Examples of the left and
right hindpaw plantar stimulation responses 39 days after the brain surgery in Trpv1Chr2EYFP+/−
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animal (n=1; left hindpaw: 96 trials of 0.28 mW opto, 93 trials of 1.08 mW opto, 81 trials of 1.69
mW opto, 84 trials of mechanical stimulation; right hindpaw: 67 trials of 0.28 mW opto, 77 trials
of 1.08 mW opto, 80 trials of 1.69 mW opto, 78 trials of mechanical stimulation). (B) Examples
of the left and right hindpaw plantar stimulation responses 199 days after the brain surgery in
Cacna1hChr2EYFP+/− animal (n=1; left hindpaw: 58 trials of 0.28 mW opto, 20 trials of 1.08 mW
opto, 15 trials of 1.69 mW opto, 53 trials of mechanical stimulation; right hindpaw: 16 trials of
0.28 mW opto, 17 trials of 1.08 mW opto, 22 trials of 1.69 mW opto, 27 trials of mechanical
stimulation). (C) Examples of the left and right hindpaw plantar stimulation responses 203 days
after the brain surgery in Cacna1hChr2EYFP+/− animal (n=1; left hindpaw: 74 trials of 0.28 mW
opto, 82 trials of 1.08 mW opto, 79 trials of 1.69 mW opto, 73 trials of mechanical stimulation;
right hindpaw: 59 trials of 0.28 mW opto, 81 trials of 1.08 mW opto, 75 trials of 1.69 mW opto,
67 trials of mechanical stimulation). The inlets in every panel show the examples of individual
trial scatter plots. All 3 animals had cranial windows around the S1hl area in the left hemisphere
(i.e. right paw = contralateral, left paw = ipsilateral), and the data for both right and left hindpaw
plantar stimulation were plotted for the same region-of-interest in each animal.

2.5.4 Responses to the optogenetic activation of low-threshold

mechanoreceptors (Cacna1h-expressing), mechanical stimulation, pinching

and blue light evoked vessel dilations can be reliably imaged in the spinal

cord

We validated our novel spinal cord implant and surgical procedure by

demonstrating the ability to chronically image the pinching, touching and

optogenetically-driven calcium responses, and endogenous light sensitivity driven blood

vessel dilations. The individual cell responses to hindpaw pinching could be reliably

imaged 37 days post-implantation using UCLA 1-photon miniscope (Fig. 14A). The

spatial spinal cord map in Fig. 14A highlights 3 neurons which responded differently to

different pinches. The block arrows in the plot indicate the examples of responses which

were present in one of the cells and were absent in other cells. Beyond pinching, we

were able to measure field responses to repetitive mechanical poking and optogenetic

stimulation of the plantar hindpaw in a transgenic Cacna1hChr2EYFP+/− mouse using
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emCCD 1-photon camera 154 days after the spinal cord surgery (Fig. 16B). The

optogenetic stimulation using a single 10 ms long pulse of blue (470 nm) light reliably

evoked responses within the same ROI in S1-hindlimb (S1hl) of the left hemisphere

when stimulating either the left or right plantar hindpaw. On the contrary, mechanical

poking stimulation evoked responses comparable to the Cacna1h optogenetic

responses when stimulating on the ipsilateral side (i.e. left paw), but evoked only mild

putative depolarization when stimulating on the contralateral side.

The multi-modal nature of our preparation also allowed us to image the blue light

(470 nm) induced vessel dilations imaged in wild-type animal using 2-photon

microscopy 24 days after the spinal cord surgery (Fig. 16C). Within the 2-photon

vascular map shown in Fig. 16C all the segments of the blood vessel that could be

segmented reliably showed responses to the blue light. We show an example of the

vessel diameter change tracked from the ROI highlighted in red in the vascular map

(Fig. 16C).
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Figure 16. 3D-printed spinal cord implant enables the chronic imaging of pinch, optogenetic,
mechanical stimulation and endogenous light sensitivity responses using open-source
miniscopes, benchtop 1-photon and 2-photon microscopy. (A) contains the examples of
1-photon calcium responses from 3 individual neurons to pinching. Responses were imaged
under isoflurane 37 days post-implantation using miniscope v4.0. Gray shaded areas indicate
pinching time intervals. (B) shows gross spinal cord calcium responses to the optogenetic (1 s
and 10 ms) stimulation of low-threshold mechanoreceptors and mechanical stimulation of the
right and left plantar hindpaws in a Cacna1hChr2EYFP+/− transgenic animal. Blue shaded areas
indicate stimulation intervals and yellow shaded areas show baseline intervals for each
individual trial. Responses were imaged under isoflurane 154 days post-implantation using an
emCCD camera. (C) shows an example of the endogenous light sensitivity of the spinal cord
blood vessels to 470 nm light. The red box on the image to the right shows the location of the
responsive blood vessel. The inset on the top right of the image shows a single frame with
segmented blood vessel. Responses were imaged under isoflurane 24 days post-implantation
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using a 2-photon microscope. Application of the pulses of blue light on average (31 stimulation
trials) causes a significant increase in blood vessel diameter. Each panel shows independent
individual animals (i.e. 3 animals total). Panel (A) shows individual non-average responses.
Panels (B) and (C) show averaged responses. The numbers of trials for different stimulation
conditions ranged between 30-60 trials. dF/F shows the % change from baseline.

2.5.5 Separate brain and spinal cord surgeries in the same animal are

well-tolerated, and allow sequential and simultaneous long-term imaging of

neural dynamics and vascular perfusion in awake and anesthetized

animals

Our custom 3D-printed common-format implants allow imaging of calcium

dynamics in the brain and spinal cord sequentially under anesthesia (Fig. 17) and

simultaneously in awake animals (Fig. 18) to study sensory information processing

throughout the central nervous system. Nociceptive response imaging in Trpv1 x ChR2

animal was first performed in the brain 24 days after the brain surgery and was followed

up with the spinal cord surgery that allowed sequentially to image the spinal cord

responses 76 days after the spinal cord surgery (Fig. 17). Plantar optical stimulation of

the right hindpaw reliably evoked cortical responses to all stimuli except for the weakest

stimulation (i.e. 0.28 mW). Ipsilateral plantar stimulation of the left hindpaw also evoked

brain responses, but of smaller (1% change vs. 2.5% change for the strongest optical

stimulus) and more sustained magnitude compared to the contralateral stimulation. On

the contrary, the spinal cord showed putative responses to mechanical plantar

stimulation of the left hindpaw and no obvious responses to the right hindpaw plantar

stimulation.
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Figure 17. Custom 3D-printed implants in combination with multi-site surgeries allow sequential
long-term imaging of the brain using an emCCD and spinal cord using miniscope in
Trpv1Chr2EYFP+/− animal under anesthesia. Top row shows brain responses on day 24 after brain
surgery for left and right hindpaw stimulation, middle row shows spinal cord responses in the
same animal on day 76 after spinal cord surgery in the same animal, and bottom row shows the
same plots separated by types of stimuli with brain-spinal cord data overlaid together for each
type of stimulation. The inlets in the top right corners show the scatter plots of all the individual
trials. All the plots are trial averages for a single animal. dF/F shows the % change from
baseline.

We also demonstrated the chronicity, multi-modality and compatibility of our

developed technique with awake behavior by co-registering the activity in the brain and

spinal cord 230 days after the brain surgery and 48 days after the spinal cord surgery in

a Cacna1hChr2EYFP+/− animal (Fig. 18). Brain 2-photon imaging included co-registration of

the red and green fluorescent channels. Red channel in this case included the labeling
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of blood vessels and CaMKIIa nuclei, and hence was calcium independent. Green

channel for the brain and the spinal cord show the responses from GCaMP6f. The

optogenetic stimulation evoked hyperpolarization both in the brain and spinal cord.

Mechanical stimulation on the contrary evoked depolarization at both foci, but in the

spinal cord it first evoked hyperpolarization similar to the optogenetic stimulation

followed by depolarization. Within the time interval of spinal cord depolarization, brain

activity also exhibited a small (0.25% change for the brain and 0.4% change for the

spinal cord) depolarization response.

Figure 18. Simultaneous brain-spinal cord responses were imaged in awake head-restrained
Cacna1hChr2EYFP+/− animals using benchtop 2-photon microscopy of the brain and 1-photon
miniscope microscopy of the spinal cord. Imaging was performed 230 days after the brain
surgery and 48 days after the spinal cord surgery while stimulating the right plantar hindpaw
contralateral to the craniotomy. The plots show the trial-averaged and individual trial data.
Y-axes show the % change from baseline.

2.5.6 Single brain-spinal cord implant surgery allows chronic imaging of

pinch responses in transgenic animals

Single brain-spinal cord surgery allows chronic imaging of the brain-spinal cord

perfusion up to 9 days post-surgery (Fig. 17A) and imaging of the transgenic calcium
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indicator responses for up to 15 days post-surgery (Fig. 19B). Fig. 19A shows a faster

rise time for fluorescence following the tail vein injection of FITC dextran. The decrease

in signal intensity after 2.3 minutes was associated with the manual decrease of

excitation intensity due to the saturation of miniscopes. Field calcium responses of

transgenically labeled somatostatin (SOM) interneurons showed clear spinal cord

somatotopic dependence on the side of stimulation.

Figure 19. Two common format 3D-printed implants can be implanted across the brain-spinal
cord within a single surgery to enable chronic perfusion and calcium imaging of sensory
responses in a transgenic animal under anesthesia. (A) We can simultaneously measure the
perfusion time courses for the brain and spinal cord following a tail vein administration of
fluorescent dextran 9 days after the surgery. Two plots show the same dataset for different
X-axis spans. The spatial maps to the right show the spatial changes in brightness before and
after the injection imaged using two miniscopes. (B) 15 days after brain-spinal cord
co-implantation we can somatotopically map the pinching calcium responses in the spinal cord
via transgenic GCaMP6s. The left image shows the average GFP stack imaged using a
benchtop CCD camera. The middle image shows the spatial spinal cord map indicating the
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average active areas when pinching the right hindpaw (red) and left hindpaw (green). All the
results in this figure are from n=1 SOM x GCaMP6s x tdTom transgenic mouse.

2.5.7 Miniscopes offer plenty of room for further scaling up: simultaneous

imaging of perfusion in the brain, spinal cord and hindlimb

Retro orbital injection of dextran allows simultaneous perfusion imaging in the

brain, spinal cord and the skin of a hindpaw using 3 miniscopes. All 3 imaging sites

showed a quick immediate peak response followed by a rapid decline towards the new

baseline. Similarly to the case in Fig. 20A, cortical signal intensity showed the fastest

rise time with the spinal cord showing the slowest rise time dynamics. The same animal

was injected with dextran 4 times (data not shown) and in all cases a clear rapid change

in brightness was observed similarly to the results in Fig. 19A.

Figure 20. Miniscopes in combination with custom 3D-printed implants and multi-site surgery
enable 3-site simultaneous imaging of perfusion across the brain, spinal cord and the skin of a
hindpaw. In this example the dextran was administered via retro orbital (RO) injection.
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2.6 Discussion

The hardware and surgical advances presented here were used for observing

field calcium dynamics and vascular perfusion of fluorescent molecules from up to 3

sites within the body for over 8 months after the first surgery (Fig. 12). The novel design

we developed provides a well-tolerated, affordable and common-format approach for

imaging brain and spinal cord, and imaging in fixed and free-behaving mice. As such,

this approach can enable unique observations under conditions where each site is

imaged individually but in the same mouse and on the same day, such as the time

course of plastic changes in neural ensembles following a peripheral manipulation. The

approach can also enable unique correlational studies with simultaneous imaging

across sites, for example, determining which conjoint aspects of spinal cord and brain

activity indicate nocifensive responses or detection of nociceptive stimuli [126].

For imaging individual cells across multiple sites, the main limiting factor was the

longevity of the spinal cord window due to overgrowth (Fig. 13). Our maximal duration

for obtaining quality signals was 37 days after the spinal cord surgery. This finding

aligns well with the previous observation using the stainless steel implants that allowed

resolving spinal cord axons for more than 35 days in only ~50% of the implanted mice

due to fibrosis [33]. Good surgical technique remains the best tool to increase the

longevity of the spinal cord windows. The key surgical factor to prioritize is to minimize

the injury and bleeding throughout the surgery. The rest of the important factors all

ultimately lead to the reduced insult to the spinal cord. These factors include: (i) good

seal of all the bone edges throughout the laminectomy using a tissue glue (e.g.

VetBond), (ii) minimizing the use of the elastomer (e.g. KwikSil; in the implant design
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presented in this work this was achieved by positioning the glass window under the

implant chamber akin to the traditional brain implant designs), (iii) increasing the

pressure-seal between the glass window and the spinal cord (akin to the traditional

brain implant designs); (iv) using the pneumatic drill rather than a mechanical drill or the

scissors. Alternatively, the surgical invasiveness can be reduced by imaging between

the vertebrae allowing to prolong the chronicity of spinal cord imaging for up to 167 days

as has been reported right before this thesis went into press [43]. Presumably, the

duration of single-cell resolved imaging might be increased further by treating an

implant with gradually releasing antiinflammatory agents to suppress fibrosis [246].

Besides the surgical preparation, when it comes to awake behavior, an equally

important factor in maintaining spinal cord window quality is proper habituation of the

animal. As discussed in the introduction, high mobility of the spinal cord makes it more

prone to injury. Even in the case of miniscope imaging in freely behaving animals,

short-term (~2-3 minutes) restraint is necessary to attach the miniscope. In our

experience even 2-3 minutes of restraint is enough to significantly disturb the quality of

the spinal cord window in a poorly habituated mouse. Hence, extra care should be

taken to habituate the animal to restrain and handling. An alternative is to anesthetize

the animal to allow simplified attachment of the miniscope. In our experience, attaching

the miniscope under anesthesia works well for imaging in unrestrained animals, but

cannot be easily applied to restrain the animals because animal awakening can be

associated with sudden and forceful movements that can damage the implant. However,

the caveat of using the anesthesia is that even in short durations and in the absence of

accidents, every cycle of anesthetic such as isoflurane has a negative impact on
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animal’s health and will ultimately reduce the feasible duration of the study [247]. The

overarching timeline describing different major procedures and time intervals for each

procedure as was implemented for the final awake behavior experiments in this study

are summarized in Fig. 22.

Imaging the perfusion in the skin in concert with the BASC imaging reported here

was an accessible milestone and did not require additional surgeries. However, it would

be of great value to be able to image other parts of the body together with the BASC

such as the gastrointestinal system [9] and dorsal root ganglia [38]. In the case of the

peripheral sensory stimulation of the skin, the stimuli modulate the functional activity of

the skin nerve endings [79], dorsal root ganglia [38], spinal dorsal horn [37], [42] and the

primary somatosensory cortex [12], [248]. From the microscopy hardware perspective

all four of the above sites can be readily imaged simultaneously using the set of imaging

tools described in this study. We are optimistic this goal can be achieved with the

development of the right animal model and use of breeding strategies to drive genetic

indicators in all four imaging sites, and with quantitative progress optimizing the speed

and quality of the surgical preparation. This form of imaging throughout the body would

allow us to expand even further our understanding of how interrelated are the

millisecond and second time-scale dynamics throughout different parts of the body?

What happens to other parts when we modify the dynamics in one of the parts (e.g. time

course of the effects of changes in microbiota on the activity in the brain and spinal

cord)? Are there any new therapies that can benefit from closed-loop monitoring of one

part of the body and modulating the other part of the body (e.g. applying spinal cord

stimulation for pain only when BASC reaches a specific state)? Furthermore, one of the

69

https://paperpile.com/c/WCrBc0/Dkib
https://paperpile.com/c/WCrBc0/zJyZ
https://paperpile.com/c/WCrBc0/jzQt
https://paperpile.com/c/WCrBc0/Knh1
https://paperpile.com/c/WCrBc0/jzQt
https://paperpile.com/c/WCrBc0/4E86+wwmD
https://paperpile.com/c/WCrBc0/lWCR+lrnV


recent studies offered a glimpse into a time course of the activation of the skin nerve

endings in response to capsaicin [79]. However, the open question remains about the

changes in the activity happening in the dorsal root ganglia, spinal cord and the brain in

parallel with the dynamic changes happening in the hindpaw. This question can now be

addressed by building up atop of the methodology developed here.

Similarly to the spinal cord implant design described in [245], because of the use

of plastic for the fabrication of the implant chamber, it is more compatible with

photoacoustic, ultrasound and MRI imaging, as well as ultrasound stimulation and

radiation therapy. Non-optical methods have not been tested as part of this

development process and additional modifications might be needed to avoid the

artifacts from the screws and the nuts. However, for the non-miniscope imaging the

set-screws are not necessary and the plastics tested as part of our work can be

threaded without the use of glued nuts. The important factor to keep in mind when

threading the plastics reported here is that the threads are more fragile than those in the

nuts. In our hands the tapped threads would serve reliably on average for 2-3

screw-unscrew cycles. 000-120 screws can potentially be replaced with the glue, but

this would require additional testing and has not been validated as part of our work.

This report serves as a guide for the scientific community for making a leap away

from treating an animal's body but a tiny focal cluster of tissue as a black box towards

the next big scientific frontier of multi-site multi-organ imaging and manipulation

throughout an animal's body.
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2.7 Methods

2.7.1 Animal subjects

All procedures were approved by the Institutional Animal Care and Use

Committee (IACUC) at Brown University. Mouse strains used in this study were

purchased from the Jackson Laboratory and included: C57BL/6 wild-type mice, SOMcre

x tdTomato x Ai148 (TIGRE-Ins-TRE2-LSL-GCaMP6f; JAX# 030328), Trpv1Chr2EYFP+/−

(Trpv1-Cre+/+ is JAX#: 017769 and lox-STOP-lox-ChR2-EYFP is JAX#: 012569),

Cacna1hChr2EYFP+/− (Cacna1hChr2EYFP+/− line were developed in the Lipscombe laboratory

by mating Cacna1h-Cre+/+ with ChR2-EYFP+/+; Cacna1h-Cre+/+ is also known as

CaV3.2-Cre+/+; the Cacna1h-Cre+/+ mice used for the this thesis were inbred 13 times),

Tie2 x GFP (Tg(TIE2GFP)287Sato/J; JAX#: 003658). Mice were group-housed until the

implant surgery and individually housed after the surgery. Mice were provided with

bedding and nesting materials, and maintained on a 12 hour light-dark cycle in a

temperature and humidity controlled environment.

2.7.2 Implant fabrication

All the implants tested for this work were 3D-printed via stereolithography (SLA).

The 3D-printing photopolymer resins tested in this work included: (i) Accura Xtreme

White 200, (ii) Accura SL 7820 in black color, (iii) Accura Xtreme in gray color, (iv)

Accura 60, (v) Accura ClearVue, (vi) Dental SG (Formlabs, FLDGOR01), (vii) Tough

1500_v1 (Formlabs, FLTO1501). We found both Dental SG and Tough 1500_v1 to be

well suited for fabricating the spinal bars and implant chambers (Fig. 12). Dental SG

offers better biocompatibility than Tough 1500_v1. However, based on the qualitative
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observations, we did not observe any differences between two the implants from these

resins in terms of post-surgical animal behavior and tissue quality around the implant.

The important considerations to keep in mind is the relatively high translucency and

brittleness of the implants made from Dental SG resin. Transparency can be important

in the optogenetic studies where it might be undesirable to confound the experimental

results because of the endogenous effects resulting from the light exposure outside of

the implanted window. Brittleness in our hands was a concern only when trying to

thread the implant chamber directly. In contrast with the Tough 1500_v1, direct

threading of Dental SG implants did not allow >1 screw-unscrew operation cycle.

However, the issue of translucency can be addressed by painting the implant and the

issue of brittleness can be resolved by gluing the commercially available nuts into the

implant. All the results presented in this report were collected using the implants

fabricated from Tough 1500_v1 resin (Fig. 12 B and C).

The spinal cord bars and spinal cord chamber were fabricated from Tough

1500_v1 resin using an in-house 3D-printer (Form 3, early 2019 edition, FormLabs Inc.).

The fabrication steps were as follows:

1. 3D-print the parts,

2. wash the parts in isopropyl alcohol (by hand or using Form Wash washer from

FormLabs Inc.),

3. perform only for the implant chamber: apply the UV-curing glue (electronic

adhesive 123SBLUE, Norland Products Inc.) and insert the nuts (92736A101,

McMaster-CARR Inc.),

4. cure (using Form Cure, FormLabs Inc.),
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5. perform only for the implant chamber: after curing we usually apply additional

small droplets of 5-minute epoxy (QUIK-CURE, bSi Inc.) at the interface between

the nuts and the implant,

6. remove the supports,

7. sand off any residual marks left while removing the supports,

8. thread and test the fitting of all the cylindrical holes:

a. spinal cord bars:

i. hand-drill the cavities for the bar holders and make sure they fit well

on the surgical bar holders;

ii. manually tap the vertical holes and test the fitting of the 000-120

screws (90910A603, McMaster-CARR Inc.);

b. implant chamber:

i. test the fitting of the 2-56 ¼” set screws (90778A022,

McMaster-CARR Inc.) into the glued nuts;

ii. test the smoothness of the passage of 000-120 screws through the

lateral vertical cavities used for threading the screws through the

chamber into the spinal cord bars;

iii. test the fit of the miniscope into the implant chamber;

9. autoclave before the surgery.
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2.7.3 Surgical procedures

2.7.3.1 Surgeries for brain AAV injections and window headpost implantation

We performed brain injections of adeno associated virus (AAV) and window

headpost implantations as parts of a single procedure. Depending on the specifics of

AAV injections, this surgical procedure takes on average 3-4 hours plus 1-2 hours of

preparation time. It is common for us to still be able to detect brain responses as late as

6 months (data not shown) after the surgical procedure described below.

All surgeries followed the aseptic techniques. We anesthetize the animal using

1.5-2% isoflurane delivered in 100% oxygen gas and eliminated using vacuum suction.

We protect the animal's eyes using sterile ocular ointment and the animal's body

temperature is maintained stable using a heating blanket. We prepare the surgical site

on the skin in a dedicated area away from the surgical sterile field. We inject the animal

with intraperitoneal (IP) dexamethasone (0.2 ug/g), subcutaneous (SQ) meloxicam SR

(4 ug/g) and local SQ lidocaine (3 ug/g). We then cut off the longer hair from the top of

the animal’s head and apply a depilation cream (Nair hair-remover lotion, Church &

Dwight Inc.) around the planned incision site. We massage the depilator cream into the

hair and wash it off together with the detached hair using alcohol after 30 seconds. We

then clean and sterilize the skin with a two-stage scrub of betadine and 70% ethanol,

repeated three times. After cleaning and sanitizing the skin, we move the animal to the

nearby surgical sterile site without interruption to the animal's plane of anesthesia. We

then stabilize the animal’s head using earbars. We use a 10 mm ring to pressure-mark

the edges of the intended cut in the skin. We cut a circular piece of skin using scissors

by following the previously marked trace. We then remove all the connective tissue
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remaining on the skull and cut the muscle pockets on both lateral sides of the skull. This

step is most prone to result in multiple muscle bleeders, especially during the early

stages of learning this procedure. During this step and throughout the rest of the

surgery we use surgical absorbent gelfoam (Surgifoam 1972, Ferrosan Medical

Devices) to control and stop any bleeders. We prepare gelfoam at the beginning of the

surgery by applying saline to it to make the gelfoam soft while not free-floating in

excessive amount of saline. Throughout the entire surgery we use only the gelfoam

softened by saline. Next, using the surgical blade, we make densely distributed surface

scrapes in the skull at the top and on the sides of the muscle pockets, and then etch the

same skull surfaces using the dentin activator (Universal Dentin Activator Liquid S393,

C&B-Metabond®, Parkell) for 10 seconds followed by a wash off with saline. Scraping

and etching are important steps to ensure reliable long-term bonding of the dental

cement to the skull and attachment of the implant. We then mark bregma and mark the

location of somatosensory cortex hind-limb area (S1HL, AP = 0.5 mm and ML = 1.5

mm) relative to bregma. We use the ear punch (3mm disposable biopsy punch, 19D23,

INTEGRA Inc.) by gently scraping the surface of the skull to mark out a 3 mm ring for

drilling a craniotomy centered on S1HL. We use a Neoburr drill bit (FG ¼, Microcopy)

for the initial drilling of the skull through 50-75% of the skull's thickness. We drill through

the rest of the skull in gradual pecking motion using a beveled cylinder drill bit (1812.8F,

Microcopy). After completing every full drilling circle we apply saline to prevent

overheating and flush away the bone chips. Once the craniotomy piece of the skull

starts moving with brain pulsations, we remove this bone piece using forceps. We then

clean the exposed brain from any blood, CSF and bone chips using a piece of gelfoam.
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From this point in the surgery, we always make sure the brain never dries out and is

moist with saline. We maintain a good level of moisture both by regularly pouring saline

over the craniotomy and keeping the craniotomy covered with gelfoam for longer

periods of time. We then take a sterile insulin syringe (1144303, 0.5mL 28G, BD Insulin

Syringe, Belton, Dickinson and Co.) and bend the tip of 31G needle by gently tapping

the needle against a flat hard surface. This serves as a hook tool for removing the dura.

We use such a syringe with the hook to make 2-3 cuts in dura for the upcoming viral

injections. We let the brain stabilize after the durotomies while preparing for the viral

injections.

We pull glass pipettes (5-000-1010, DRUMMOND WIRETROL, Drummond

Scientific Co.) using a pipette puller (Model P-97, Sutter Instrument Co.). We cut the tips

using Vannas scissors under the microscope to the tip diameter of 25-50 um. We back

fill the pipette with the mineral oil (O121-1, 148223, Fisher Chemical Inc.) and front fill

the pipette with the virus using the injector (53311, Quintessential Stereotaxic Injector,

Stoelting Co.). We injected Cacna1hChr2EYFP+/− animals with 500-750 nL of

AAV2/9-CaMKIIa-GCaMP6f-P2A-nls-dTomato (Canadian Neurophotonics Platform Viral

Vector Core Facility, RRID:SCR_016477) to the depths of 150-250 um. We injected

Trpv1Chr2EYFP+/− animals to the depths of 150-250 um with 500-1,500 nL of cocktail

mixtures of AAV2/9-CaMKIIa-GCaMP6f-P2A-nls-dTomato and SYN-jRGeCO with

GCaMP:jRGeCO proportion of 1:1. We mixed two AAVs and the green food dye (Fast

Green FCF Solution, 26053-02, Electronic Microscopy Sciences Inc.) by releasing and

withdrawing the mixture 2-3 times with a micropipette. We add green food dye to aid

visualization of the flow of AAV during the injection. We insert the pipette into the brain
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using a stereotactic manual micromanipulator. We wait for 3 min after inserting the

pipette to the targeted depth to allow tissue to stabilize and we inject the AAV at the rate

of 60 nL/min. Following the injection, we wait for 5 minutes to allow the tissue to

stabilize before withdrawing the pipette.

Once all 2-3 injections are complete, we cover the brain with the glass window.

We make our glass windows by gluing together 3 mm (CS-3R, 64-0720, Warner

Instruments Inc.) and 5 mm (CS-5R, 64-0700, Warner Instruments Inc.) circular

coverslips using the optical adhesive (Optical adhesive 71, Norland Products Inc.). The

3 mm coverslip fits relatively snugly into the craniotomy, forming a tight seal against the

drilled skull. This is important to minimize any risk of bone bleeders during the healing

and to delay the overgrowth of craniotomy with dura and bone. We press the glass

window into the brain using a basic custom pressure applicator with a diameter of 2 mm

mounted on a stereotactic manipulator. Once the glass window is tightly pressed into

craniotomy, we secure the window in place by applying a 3-component dental cement

(C&B-Metabond®, Parkell) around the circumference of the window. Before applying the

dental cement to the skull, we add a black paint to the 3-component dental cement

mixture to reduce autofluorescence of the dental cement. Once we apply the dental

cement around the circumference and the dental cement begins to harden, we withdraw

the pressure applicator and start applying the dental cement throughout the rest of the

skull. We also fill up with dental cement the muscle pockets that we make at the

beginning of the surgery. Next, we cover the bottom of the implant with uncured dental

cement mixture and place the implant on the skull centered over the cranial window. We

then apply the dental cement mixture from all 4 sides of the implant to increase the
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security of its attachment to the skull. We also pour some dental cement mixture

through the 4 holes atop of the implant that are used for attaching the screws during the

spinal cord surgery below. Finally, we apply tissue adhesive (Gluture, Zoetis Inc.)

throughout the perimeter of the dental cement to double secure the attachment of the

dental cement mixture to the skull and the skin.

2.7.3.2 Surgeries for spinal cord AAV injections and window implantation

We perform spinal cord AAV injections and window implantations as part of a

single surgical procedure. In our hands, the full procedure on average required 3-5

hours plus 1-2 hours of preparation time depending on the specific parameters of the

AAV injections and specifics of any given animal. This procedure was developed by the

right-handed surgeon and might require small modifications to achieve the optimal

timing for the left-handed surgeons.

All surgeries follow the aseptic techniques. We anesthetize the animal using

1.5-2% isoflurane delivered in 100% USP-grade oxygen and exhausts collected using

vacuum. We maintain the animal's body temperature stable throughout the surgery

using a heating blanket and protect the animal's eyes using sterile ocular ointment. We

prepare the animal in a non-sterile area before moving it to the sterile stereotactic

frame. For the chronic spinal cord surgeries, we use the same stereotactic setup and

injection tools as for the brain surgery, except we add a stack of breadboards (Thorlabs

Inc.) with XYZ manipulators (60 mm x 60 mm footprint available from Amazon) needed

for spinal cord manipulation (Fig. 25. S2-1A). The spinal cord clamp holder posts used

for all our surgeries were 220 mm in length. The original design by Farrar et al. 2012

included the spinal cord clamp holder posts 50 mm in length. We significantly increased
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the length of the implant holder posts to accommodate the dimensions of our

stereotactic frame used for brain surgeries (Kopf Inc.). There were no particular benefits

for using longer clamp holder posts. However, in our hands the use of XYZ manipulators

rather than hand-manipulation like in Farrar et al. 2012 yielded finer control over the

implant position and simplified the transfer of knowledge between the students by

simplifying this complex procedure.

After moving the animal from the induction chamber to the prepping station, we

inject the animal with IP dexamethasone (0.2 ug/g), SQ buprenorphine SR (0.75 ug/g),

SQ glycopyrrolate (0.5 ug/g) and local SQ lidocaine (3 ug/g). We then generously shave

the animal's back using an electrical buzzer and apply a depilation cream (Nair

hair-remover lotion, Church & Dwight Inc.) around the intended incision site. The area

for depilation can be determined by finding the apex of the vertebral column’s curvature

and the location of the last rib. The apex of the vertebral column curvature corresponds

to the Th13 vertebrum [249]. We massage the depilator cream thoroughly into the

animal's back using a cotton swab to avoid any unexposed hair and we remove the

detached hair using a razor blade after 30-60 seconds. We thoroughly wash off any

remaining depilator cream and detached hair using alcohol pads. We then clean and

sterilize the exposed skin with a two-stage scrub of betadine and 70% ethanol, repeated

three times. After this, we move the animal to the surgical stereotax for the sterile parts

of the procedure.

We begin by aligning the animal's back with the XYZ manipulators to make sure

the spinal cord clamps mounted on the custom clamp holder posts can reach the XYZ

position of the spinal cord. We then prepare the surgical gelfoam by soaking it in sterile
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saline. We proceed by identifying the location for the skin incision by palpating the ribs

around the apex of the vertebral curvature. Typically palpation involves active sweeping

of the back with the fingers, as well as keeping the fingers in place around the

suspected last rib to feel the motion of the last rib while breathing. The last rib emanates

from the rostral end of the Th13 vertebrum [249]. For the imaging of the spinal cord at

the vertebral level L1, we usually aim to have the skin incision that starts about 1-3 mm

rostrally relative to the entry point of the last rib, covers the width of the implant (10 mm)

and extends 1-3 mm caudally (i.e. 12-16 mm total). As was described by Farrar et al.

2012, it is possible to obtain a good quality spinal cord window even with a significantly

larger skin incision. However, it is important to minimize any tissue damage and trying to

tailor the incision size towards the implant’s size does not have a significant impact on

the duration or complexity of the surgery. For the imaging of the spinal cord segments

under the L2 vertebrum, the skin incision should be moved caudally by 2.5-3.0 mm.

Following the skin incision, we repeat the palpation of the last rib this time using the

forceps (Fine Instruments Inc.) to locate the rostral end of Th13 more precisely. Once

we locate the root of the last rib, we incise the soft tissue overlying the vertebra. The

length of the cut is equivalent to the width of the implant. We begin by making a straight

cut on the right side as close to the midline as possible while not cutting through the

spinous processes. We then turn the surgical blade by more than 70 deg to orient it

close to the horizontal plane and cut laterally towards the right to dissect away the

overlying soft tissue. After reaching the transverse processes, we reorient the blade

vertically and dissect away the tissue off the vertebral bodies not deeper than the

thickness of the spinal cord bars (1.5 mm) to offer enough space for fitting the spinal
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cord bars under the spinal cord processes flush against the vertebral body. Similar to

Farrar et al. 2012, the implant bars merge together 3 vertebrae. Hence, we clean up the

lateral surfaces of 3 vertebral bodies, as well as cut off the tendons attached to all 3

vertebral bodies to minimize the motion during post-surgical imaging. After cleaning the

lateral sides of vertebral bodies, we clamp the vertebral column from both sides with the

spinal cord bars. We align the center of the bars with the approximate center of planned

laminectomy over the middle vertebrum. We apply a generous amount of pressure to

keep the spinal cord in place during the surgery and to promote strong chronic

attachment via pressure after the surgery. Next we partially trim away the spinous and

transverse processes to maximize the flatness of the implant chamber against the

vertebral bodies. The processes are not removed entirely, rather they are flattened by

cutting away the superficial parts of the processes while keeping as big parts of the

processes as possible to minimize tissue damage and promote strong attachment of the

spinal cord bars. In our practice, it is best to cut the processes as early as possible

because this step is prone to bone bleeding if done improperly and by cutting the

processes early, the tissue has a longer time for coagulation before further cuts must be

made. Next, we clean up the intervertebral spaces from all the connective tissue to have

a clear tactile and visual feedback on the extents of the middle vertebrum. Once we

know the extents of the vertebrum, we perform a laminectomy using a drill actuated via

compressed nitrogen (both diamond burr and ball drill work well for this step). We

sequentially drill longitudinally as far laterally as possible first on one side, then on the

other and repeat switching sides after every pass, removing thin layers of bone on every

pass until the bone becomes thin enough to be pulled up without having to apply a
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significant amount of force. Between every pass of the drill we apply the sterile saline to

protect the spinal cord from drying.

After the laminectomy, we perform the viral injections following the same steps as

for the brain injections. The main difference between the brain and spinal cord viral

injections in our experience is that the spinal cord meninges are much harder to pierce

through compared to the brain meninges. Hence, we performed durotomies for every

spinal cord injection. The examples of pinching responses in Fig. 16 involved injections

of an AAV2/9-CaMKIIa-GCaMP6f-P2A-nls-dTomato (Canadian Neurophotonics Platform

Viral Vector Core Facility, RRID:SCR_016477) virus at 60 nL/min. We administered the

AAV via two injections on the right side of the spinal cord at 150 um and 250 um depths

and one injection on the left side at 200 um.

2.7.3.3 Multi-site surgeries as a single or two separate procedures

When performing 2 independent surgeries within the same animal, each

procedure is performed exactly as outlined above. The main important factor to consider

is that the animal requires at least 3 days to recover after a brain or spinal cord surgery.

In our particular experience, we never performed the second surgery sooner than 7

days after the first surgery just out of an abundance of caution. Hence, two surgeries

cannot be performed immediately one after another. Furthermore, we typically

performed brain surgery first followed by the spinal cord surgery. This choice was based

on our experience with maintaining the good quality and responsiveness of surgerized

neocortex across months without significant challenges with good consistency between

the animals. Hence, the risk of the cranial window to decrease in quality while waiting
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for the spinal cord window (e.g. waiting for healing or viral expression) is lower than the

risk or the amount of unavoidable quality change for the spinal cord window.

In the case of both brain and spinal cord surgeries performed as part of a single

procedure, we follow the same surgical steps as outlined above except in all surgical

cases the animals did not receive any viral injections in either of the sites. This had to

do with the significantly increasing surgical duration and the impact on the animal's

health when trying to incorporate AAV injections into the surgery. The duration of a

combined surgery in our implementation is at least 6 hours. We typically would start with

a spinal cord implant first and then would proceed with the brain implant. This choice is

based on the fact that the spinal cord surgery is more prone to failure and if the spinal

cord surgery is done following the brain surgery, the resources invested into brain

surgery would be wasted.

As part of the development of surgical methodology it was important to ensure

that the surgical developments presented in this thesis are transferable to other

scientists. The transferability of principles described here was validated by training a

medical student on brain-spine surgeries. The transfer of knowledge could be efficiently

performed following the knowledge and materials developed throughout this thesis and

trained student was able to successfully surgerize the animal that was used to generate

the data presented in Fig. 19.

2.7.5 Fluorescence imaging

2.7.5.1 1-photon imaging using electron multiplying gain CCD (emCCD) camera

The results shown in Fig. 15, Fig. 16B, Fig. 17 and Fig. 19 were imaged using an

emCCD camera. For imaging calcium using a green fluorescent protein based
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genetically encoded calcium indicator (GCaMP) and the blood vessels labeled with the

fluorescein isothiocyanate (FITC) dextran (Fig. 19A) the emCCD camera was equipped

with the GFP filter cube (DFM1 with GFP my excitation and emission filters and

dichroic, ThorLabs) and an excitation LED (M470L3, ThorLabs Inc.).

2.7.5.2 Imaging using 2-photon

All the 2-photon imaging was done using a custom microscope assembled by

Bruker Inc. Vascular imaging data shown in Fig. 16 were collected using a 960 nm

excitation laser wavelength with galvo scanning and 16x water immersion objective

(0.80W, DIC N2, Nikon LWD). Brain calcium imaging data shown in Fig. 18 was

collected using a 980 nm excitation laser wavelength with galvo scanning and 10x

objective (HC PL APO 0.40NA, 506511, Leica Inc.).

2.7.5.3 Imaging using miniscopes

All the miniscope imaging was performed using UCLA miniscopes v4.0, v4.40

and v4.41. Miniscope v4.0 was generously provided by UCLA, v4.41 was purchased

from OpenEphys and v4.40 was purchased from OpenEphys. v4.40 miniscope from

LabMaker offered the smallest amount of bleed-through excitation light noise and best

imaging quality. Miniscopes v4.40 and v4.41 had the lens configuration #1 (combination

of lenses #45-089, #45-089 and #45-691 from Edmund Optics with working distance

675 um +/- 250 um and FOV of 1 mm x 1 mm) [250] and was used for brain and skin

imaging. Miniscope v4.0 had the lens configuration #3 (combination of lenses #45-090,

#45-090 and #45-691 from Edmund Optics with working distance 2010 um +/- 400 um

and FOV of 1.3 mm x 1.4 mm) [250] and was used for spinal cord imaging. We tested
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the lens configurations #1 and #2 (working distance for configuration #2 is 975 um +/-

340 um) [250] for spinal cord imaging in multiple animals, but the working distance was

too short for imaging using the window design and viral injection depth combinations

used in this work. In 90% of the cases all lens configurations allowed us to at least

reliably image the cortical blood vessels.

For the imaging under anesthesia, the miniscope was attached to the implant

chamber using 1 implant screw and for the awake imaging using 2 screws. We also

imaged anesthetized animals implanted with the stainless-steel headposts and cranial

windows not designed for the attachment of the miniscope. During these imaging

sessions the miniscope was mounted in a 3D-printed holder and positioned over the

cortex using micromanipulators.

2.7.5.4 Vascular imaging using dextrans

Blood vessel imaging reported in Fig. 16C, Fig. 19A and Fig. 20 relied on labeling

the blood vessels using injectable fluorescent dextran dyes. Dextran was delivered into

the animal's body either via retro-orbital injection (used for collecting the data in Fig. 20)

or tail vein injection (used for collecting the data in Fig. 16C and Fig. 19A). Dextran was

injected by hand using a syringe for collecting the data shown in Fig. 20 and Fig. 16C.

To collect the data shown in Fig. 19A, the dextran was injected using a tail vein catheter

(MTV-01, SAI Infusion Technologies Inc.). Fig. 21A depicts the procedure of injecting a

dextran using a tail vein catheter. The main benefit of using a catheter is a more

precisely controlled timing of the injection via an electronically controlled injector and the

ability to perform the injection remotely to avoid the contamination of the imaging with

the ambient light needed when injecting manually via a syringe. The dextrans used in
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this study were as follows: (i) FITC 70 kDa (Fig. 19A, Fig. 20; D1823, ThermoFisher

Scientific Inc.), (ii) FITC 10 kDa (Fig. 16C; D1821, ThermoFisher Scientific Inc.). A

typical injection would include 30 uL of dextran solution mixed with 70 uL of sterile

saline.

Figure 21. Vascular visualization was achieved via tail vein and retro-orbital injections of
fluorescent dextrans. (A) Tail vein dextran injection using a catheter. (B) An example of the
spinal cord vasculature imaged using a benchtop 1-photon microscope with 4x objective 50
hours after the surgery. To allow vessel visualization, the animal was injected with the 10 kDa
fluorescein isothiocyanate (FITC) dextran via a tail vein.

2.7.6 Behavior

The awake imaging results reported in Fig. 18 required the animal to follow the

7-step behavior procedure summarized in Fig. 22. The steps were as follows:
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Figure 22. Procedural timeline for the animals engaged in multi-site awake imaging in
restrained animals using benchtop and wearable microscopes. Achieving awake imaging of
responses to repeated stimulation requires at least 7 steps. The habituation during step 5 was
split into 3 parts. For the first few days the animal was introduced to being head-restrained for
5-10 minutes. For the next 1-2 days, the animal was introduced to the sucrose reward, imaging
of the brain and the restraint was prolonged further to 15-30 minutes. During the final part of
habituation, the animal is exposed to the full behavior by increasing the duration of restraint to 1
hour, restraining the hindpaw and applying the stimulation. The hindpaw is gently restrained
using tape over the LED mounted on a piezoelectric bender. The illustrated final acute step
shows an example of optomechanical stimulation coupled with capsaicin injections to drive
sensory neuromodulation.

I. Handling

A. Handling helps to improve an animal's collaborativeness throughout the

experiments. Given how sensitive the spinal cord preparations can be

depending on the study and surgeon’s technique, as well as the

complexity of multisite surgical procedures, it can be beneficial to assess

an animal's collaborativeness ahead of the first surgery. Animals that

within 3-5 days do not become significantly better at collaborating with the

researcher and do not increase in comfort of being handled, it can be

beneficial for animal’s health and the experiment to assign a given animal
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to the acute track or invest additional time to increase the chances for a

given animal’s successful participation.

B. Handling helps to maximize the animal's comfort with the experiment,

minimize the risk of tissue damage, increase the experimental duration

and overall, improve the quality of data.

C. Increasing the animal's comfort with being handled by the researcher is

especially critical for maintaining the longevity of the spinal cord implants.

Even miniscope imaging requires restraining or anesthetizing the animal

for 2-5 minutes to attach the miniscope. Hence, by the first time of needing

to attach a miniscope, the animal needs to be comfortable with being held

in place by the researcher.

II. Surgery 1

A. This can be either a brain or spinal cord surgery.

B. This could also be a single brain-spine surgery. However, as part of this

study, the animals following a single brain-spine surgery received

stimulation only under anesthesia and were imaged awake only when

looking at the changes in brain-spinal activity during the transition from

anesthetized to awake state. Hence, single multisite surgery animals did

not follow the behavior protocol for awake study.

III. Handling and Imaging

A. Between the surgeries it is important to continue handling the animal to

increase their comfort with the researcher despite the invasive

procedures. A good assessment metric for determining the endpoint for
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handling can lie in achieving collaborative behavior qualitatively

comparable to the behavior after the initial handling prior to the first

surgery.

B. At this stage it can be useful to image through the implanted window to

verify the ability to see the target signal. However, if not sufficient time has

passed since the first surgery (e.g. at least 2 weeks for the

AAV2/9-CaMKIIa-GCaMP6f viral expression used in this study), the lack of

signal or responsiveness to sensory stimuli might not be informative about

the prognosis for the signal strength.

IV. Surgery 2

A. This can be either a brain or spinal cord surgery.

V. Habituation

A. This step consists of 3 sub-steps:

i. Habituation to the head restraint for 1-2 days, gradually increasing

the duration between 5-10 minutes.

ii. During the next 1-2 days, add ad libitum sucrose (30%) and brain

imaging to gently promote the animal's continuous acclimation to

the parts of the experimental setup. As part of this step, continue

increasing the duration of restraint towards 15-30 minutes. The

microscope in this case contributes only the excitation light and it

might be beneficial to avoid attempting to image during the

habituation to avoid photobleaching. However, we find it useful to

start imaging the brain at this earlier stage because the cost of
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imaging is low (data storage and experimental time), but the efforts

to image at this stage help to learn the particular brain landmarks

and probe the responsiveness of different areas.

iii. Add hindpaw restraint and optomechanical stimulation as the final

parts of the experiment. Continue increasing the duration up to 60

minutes. Continue habituating until the animal develops comfort

with the needed number of trials or the animal stops improving in its

performance. The performance in this case is assessed by the

amount of animal’s motion and signs of not wanting to continue

engaging with the experimental setup. For the purposes of sensory

optogenetic and mechanical stimulation experiments (Fig. 18), the

minimal number of trials was 60 (up to 12 minutes) to allow at least

30 trials of optical and 30 trials of mechanical stimulation.

B. As part of this study, we strongly considered the idea of habituating the

animals to head-restraint during between the 1st and 2nd surgery. The

benefit would be that the animal learns the behavior before any serious

interventions and in theory it should be easier for the animal to learn the

task after the 1st surgery than after both surgeries and re-learn the task

after the 2nd surgery rather than learning it from zero after the 2nd

surgery. Albeit, this approach seems promising, it has not been tested as

part of this study.

VI. Imaging
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A. Imaging involves the use of the same full behavior as the last habituation

step. The only difference is the addition of the microscope to image either

from both sites or continue image from a single site depending on the

experimental goals.

VII. Acute experiment

A. As the final step, the animals typically undergo the acute experiments. In

this case, every animal underwent the saline and capsaicin injections into

the hindpaw to compare the impacts of the strong nociceptive stimulus on

the animal's brain-spine responses to stimulation.

Ultimately this procedure is animal-specific and all the durations provided in this

procedure might have to be adjusted for a particular animal’s phenotype. In addition,

given the high value of double implant animals, in the rare cases of brain implant

detachment during the habituation, it is possible to reattach the implant. However, it is

important to start the surgery immediately to moisturize the brain as soon as possible.

The quality of the craniotomy will inevitably decrease in the case of re-implants, hence it

is justified to perform this step only in the cases of animals showing exceptionally strong

responses. We have not tested spinal cord re-implantation because of the lack of cases

of implant detachment. However, given the propensity of the spinal cord towards

bleeding and the involvement of silicone elastomer when creating a spinal cord window,

the impact of spinal cord re-implantation can be predicted to be inevitably significantly

more severe than in the case of brain and will likely be associated with the spinal cord

injury.
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Animals that were not involved in any awake behavior as part of this study (e.g.

the animals participating in the spinal cord endogenous light sensitivity study) did not

undergo handling, habituation and awake imaging.

2.7.7 Stimulation

2.7.7.1 Pinching

Pinching responses were evoked by gently squeezing the hindpaw with the

hand-held forceps. The effort was made to apply the pressure consistently at the same

location. However, the amount of pressure exerted by every pinch varied pinch-to-pinch

because of natural variability present when it is not possible to control precisely the

amount and location of applied pressure.

2.7.7.2 Optogenetic and mechanical stimulation of the hindpaw

All plantar hindpaw optogenetic stimulation experiments were performed using

470 nm light-emitting diode (LED) (M470F3, ThorLabs Inc.) controlled using an LED

driver (LEDD1B, ThorLabs Inc.). Light was delivered to the plantar hindpaw using an

optical fiber. The stimulated hindpaw was covered with the black aluminum foil to

minimize light propagation beyond the stimulation target. The cannula of the optical fiber

was glued using epoxy to the piezo-electric plate bender (CMBP09, Noliac Inc.) to allow

interleaved mechanical and optical stimulation trials similarly to [126]. The mechanical

stimulation was done by poking the animal's plantar hindpaw with the optical fiber’s

cannula by actuating the piezo-electric plate bender via an amplifier. The stimulation

waveform parameters are shown in Fig. 23.
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Figure 23. Hindpaw plantar opto-mechanical stimulation experiments involved randomly
interleaved pulses of optical and mechanical stimulation in anesthetized or awake
hindpaw-restrained animals. (A) Summary of the timing and driving voltage settings for the
randomly interleaved opto-mechanical stimulation delivered at random time intervals every
9…12 s. (B) An illustration of a typical experimental animal with brain and spinal cord implants
with hindpaw restrained over an optical fiber mounted on the piezoelectric bender for
opto-mechanical stimulation.

Imaging and opto-mechanical stimulation were controlled and synchronized

using either an OpenEphys or National Instruments (NI BNC-2110, NI PCI-6713 and

USB-6008 for emCCD and BNC-2110 with PCIe-6353) data acquisition boards operated

via MATLAB R2015b and OpenEphys software v0.5.5.3.

2.7.7.3 Optogenetic stimulation of the spinal cord

The optogenetic stimulation of the spinal cord was performed by directly aiming

an optical fiber at the spinal cord implant (Fig. 24). The important aspect of spinal cord

optical stimulation was the use of flyback to reduce the artifacts during 2-photon

imaging. Even though the imaging approach used for collecting the data reported in Fig.

16C relied on GFP filters that should block 470 nm light used for stimulating the spinal

cord, the imperfect stop-band of the filters and high sensitivity of 2-photon
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photomultiplier tubes (PMTs) results in artifacts when trying to apply optical stimulation

during 2-photon imaging. Flyback stimulation approach relies on the fact that galvo

scanning requires pausing the imaging during the data collection with PMTs to

mechanically reposition the scanner between the scan lines. The transition time

between the scan lines is defined as the line period and the stimulation is applied only

during this transition to effectively reduce the signal contamination with the photons

reflected back into the objective from the stimulation beam.

Figure 24. Direct spinal cord optical stimulation of the blood vessels labeled with fluorescent
dextran was applied to study endogenous blood vessel sensitivity to blue (470 nm) light
following tail-vein injection of dextran. Spinal cord was optically stimulated during 2-photon
imaging under anesthesia using an LED-coupled optical fiber aimed directly at the spinal cord
window under angle.

2.7.9 Image analysis

All microscopy images have been processed using either ImageJ (Fiji, v1.53f51)

or MatLab R2021a (MathWorks Inc.). For all the multi-trial analyses (e.g. Fig. 15, 16B,
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17, 18) the data as plotted as a percentage change of baseline (i.e. dF/F % change)

activity during 1 s interval preceding the stimulus:

, (1)𝑑𝐹𝐹 = 𝑆𝑖𝑔𝑛𝑎𝑙−𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 × 100%

Equation 1. Equation for calculating the normalized signal dFF.

In the case of individual pinch response data in Fig. 16A, the baseline for each

neuron was defined as the full experiment-averaged activity within the area surrounding

each neuron.

2.7.10 Statistical analysis

The analysis of animal weights reported in Fig. 14 relied on multiple comparisons

using the Bonferroni method. The significance threshold was set to p-value < 0.05/300 =

0.00017. The statistical analysis was performed using MatLab R2021a (MathWorks

Inc.).

2.7.11 Publication counts

The publication counts across years in Fig. 10 plotted using the data from the

Web of Science. The search for brain and spinal cord microscopy publication counts

relied on the following keywords: (i) Brain, mice, imaging, microscopy; (ii) Spinal, cord,

mice, imaging, microscopy. Only the publications from the field of neuroscience were

included and publications containing the keyword “MRI” were excluded from the

analysis to reduce the presence of non-microscopy publications in the plotted counts.
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2.8 Limitations

The animal weight analysis results in Fig. 14 suffer from a small interaction effect

from the fact that the surgeon’s skillset was changing throughout different surgical

preparations. Hence, the same exact preparation could easily result in significant weight

changes at the earlier learning stage and not cause any weight change at the later

stages. In our specific context, we observed significant differences only between the

initially performed simpler surgical preparations and the more complex single surgery

multi-site preparation. There is no reason to believe that these particular significant

differences would have not been present in the absence of surgeon’s skill interaction

effects.

One of the limitations of this study is the lack of repetition of different responses

across multiple animals. Albeit n>3 for every response example would be needed to

make any claims about the biology that we observe, present work focuses on

development of methodology rather than studying specific questions around the biology

and the diversity of preparations presented here can be seen as the benefit compared

to the high repetitions of fewer preparations across larger animal cohorts.

Another limiting factor is that we never observed the individual cell responses

both in the brain and spinal cord within the same animal. Hence, most of our calcium

imaging focused on imaging the field responses. There is no reason not to be able to

see the individual cell dynamics across the brain and spinal cord at the same time using

the tools presented here. The limiting factor comes from the fact that both the brain and

spinal cord surgical preps have certain degree of variability and when we combine both

at the same time, these variabilities multiply and the chances of finding the right
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responsive areas becomes much harder, but as with all the prior methodologies, this

can streamlined by proper repetition and refinement of the protocols towards labeling

the targets of interest both in the brain and spinal cord within the same animal.

Another important factor that could not be validated as part of this study was

whether the vascular dilation effects presented here were caused by the thermal impact

of the light pulses or the interactions of light with the endogenous optical receptors in

the spinal cord. The exact temperature changes would depend on many factors that are

difficult to control (e.g. distance between the fiber and the sample, stimulation beam

spread, depth of anesthesia, the temperature and cleanliness of the water used for the

water immersion objective). Albeit, the exact mechanisms cannot be determined at the

moment, even if the thermal effects were partially involved, finding such robust thermal

responses in the spinal cord would be a novel and useful finding.

One of the limitations is that the machined implants made of steel can be

immediately implanted without the need for any post-processing and can be reused

between the animals. As is described in methods, 3D printed implants require several

additional processing steps before they can be implanted. Furthermore, we have not

attempted reimplantation of 3D printed implants, but we never experienced any

challenges with reimplanting the stainless steel implants.

One of the consistent observations throughout this work was that animals were

gradually biting off the farthest most edges of the spinal cord chambers fabricated from

Tough 1500_v1 resin. This never affected the quality of the experiments in this work

because this was a gradual process with millimeters wide pieces being removed over

the course of months, this did not seem to affect the quality of the spinal cord window,
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and the lengths of the remaining restraint wings were always sufficient to allow spinal

cord restraint under anesthesia or attach the miniscope in back-unrestrained animals.

However, we acknowledge that this could be a more significant issue for the studies

relying more heavily on spinal cord restraint. One of our observations is that such loss

of implant parts has not been observed with the implants fabricated from Dental SG and

hence could be tested further for longevity.

Furthermore, it is important to keep in mind that Trpv1 receptor is expressed not

only at the skin nerve endings, but also in the endothelium of blood vessels throughout

the body (e.g. arterioles in the ears and urinary bladder), some areas of the brain (e.g.

hypothalamus, somatosensory cortex, insula, amygdala, periaqueductal gray) [251],

keratinocytes, Schwann cells [251], astrocytes [251], and the cells of the immune

system [252], [253]. For instance, it has been reported that stimulation of endothelial

Trpv1 can cause relaxation of vascular smooth muscle cells through the mechanisms

involving nitric oxide and endocannabinoids [253]. In the present study, we used

Trpv1-driven expression of channelrhodopsin-2 (ChR2) light-gated ion channels to

specifically stimulate nerve endings innervating hindpaw’s skin. To ensure the focality of

optogenetic stimulation of the hindpaw, we use optical fiber placed near the surface of

the skin to minimize beam divergence and we shield the optical fiber with black-color

non-reflective materials (i.e. electrical tape atop of the hindpaw and black aluminum

breadboard around the tip of the optical fiber). Albeit, these precautions should minimize

any risks of confounding activations of Trpv1 channels outside of the targeted hindpaw

area, there is a possibility for photons to reach distant targets (e.g. animal’s eyes)

following multiple scattering events from the experimental hardware surfaces. However,
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in the cases where we employed the optogenetic stimulation on both parts of the body

(Fig. 17) we would observe similar response components when stimulating either side

of the body if the observed responses were driven by systemic stimulation via scattered

photons. The fact that the observed responses are stimulation side-specific is evidence

for the lack of confounding stimulation by the scattered photons. Epineural light delivery

would be a further improvement towards restricting the photostimulation to peripheral

axons [203].

Finally, a more broad limitation characteristic of most animal research is that the

mechanisms identified in mice are not always directly translatable to humans [254]. This

is especially true in the case of pain because of its complex biopsychosocial nature

[110]. Even humans of different sex, socioeconomic, ethnic and comorbidity

backgrounds respond variably to the same pain treatment [110]. The difference and

variability in responses to treatment become even more different when we start

comparing or attempting to translate the biological mechanisms across species such as

mice and humans. Hence, when it comes to the field of pain it has been recommended

to diversify the animal species being used as much as possible, for instance, by

comparing the data from mice, rats and human tissue samples whenever possible [254].

Although the methodology developed as part of my dissertation work has not been

tested in any other animal species besides mice, there is no reason to believe that this

methodology cannot be translated to other species such as rats or even non-human

primates after the appropriate design optimization and testing. Furthermore, it is

important to note that some of the characteristics of neuropathic pain were shown to be

conserved across the species. Hyperexcitability and spontaneous activity of DRG
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neurons found both in humans and mice afflicted with surgical injury-evoked pain [255]

is one example of cross-species preserved features of pain and is relevant for the

dynamic functional imaging techniques developed in my dissertation. These techniques

are specifically tailored for studying the circuit mechanisms and in contrast with

mechanisms pertaining to immune or endocrine systems, circuit mechanisms have a

long history of transferability across species [256]–[258]. One particular example of

such a cross-species conserved neural circuit mechanism pertaining to pain is the Gate

Theory of Pain [209].
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2.9 Supplements

Figure 25. S2-1. Setup and implant designs and builds for chronic surgeries and acute imaging.
(A) A 3D-rendered design of the chronic spinal cord surgical setup used for all the spinal
surgeries described in this report. (B) One of the first versions of the custom acute surgical
setups built for imaging during acute spinal cord surgeries. (C) The final version of the acute
spinal cord surgical setup offers a more sturdy design with a higher number of degrees of
freedom for the spinal cord manipulators. (D) An example of an imaging setup used for imaging
of hindpaw plantar stimulation evoked brain-spine responses under anesthesia. (E) An example
of the use of custom magnetic spinal cord clamps 3D-printed from Dental SG resin and applied
for acute imaging using a customized spinal cord chamber. The custom acute implant was
fabricated from thermally processed stainless steel that ensured strong magnetism to allow
stable fixation in place via magnets in the spinal cord clamps. The custom implant had an 8 mm
central aperture compared to 5 mm as in the design originally described by Farrar et al. 2012.
Larger aperture allows more flexibility during the acute surgery and offers a larger FOV. Thermal
processing and machining is a relatively costly process. Hence, the bottom right image shows a
3D-printed version of an acute implant that serves the same purpose as a machined implant. A
3D-printed version relies on glued-in magnets to ensure stable attachment to the spinal cord
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clamps. The same custom acute spinal cord clamps were used as part of the acute setups in
(B) and (C). (F) A 3D render of the setup that was designed and fabricated for manipulating the
miniscope for acute spinal cord imaging.

Figure 26. S2-2. A variety of brain-spine restraint and implant setups have been designed, built
and tested towards finding the most optimal configurations. (A) Spinal cord implants 3D-printed
from Dental SG resin with the magnets in the lateral wings for optimal restraint. (B) An example
of an animal with a spinal cord implant 3D-printed from Dental SG resin. (C) 5 generations of
custom designed and 3D-printed setups for brain-spine restraint. (D) An application example of
the custom brain-spine setup to restrain an awake animal. (E) An example of the setup used for
awake imaging (the design closely mimics the design originally described by Black et al. 2020).
(F) An example of a mouse spine-restrain on a running wheel with the implant restraint
hardware replicating the design by Farrar et al. 2012. (G) A design of a running wheel with the
simultaneous brain-spine restraint. (H) 3 design iterations of the spinal cord implants to
accommodate different forms of restraint and imaging using miniscope v3.2. (J) The example of
the spinal cord implant chamber with integrated magnets to allow the attachment of the
miniscope v3.2 via an intermediate baseplate. The rightmost image shows an animal with the
miniscope v3.2.
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Figure 27. S2-3. Capsaicin injections in the hindpaw did not evoke changes in brain-spine
activity. Capsaicin injections have been performed in 3 animals without evoking detectable
changes in brain-spine activity. This is an example of right hindpaw plantar stimulation with
responses imaged under anesthesia using 1-photon miniscope 76 days after the spinal cord
surgery. The spinal cord data is plotted for the same animal and same region of interest as the
spinal cord data in Fig. 17. The capsaicin data was collected as part of the terminal procedure.
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CHAPTER 3

3. Miniaturized Devices for Bioluminescence

Imaging in Freely Behaving Animals

3.1. Preface

This chapter is composed of an article I published in 2020 on the redesign and

first ever use of a wearable miniature microscope for bioluminescence imaging in vivo.

This article reported on the first steps towards making possible bioluminescence

imaging in freely behaving animals and bringing all the theoretical benefits of

bioluminescence imaging outlined in the Introduction to this dissertation into the hands

of behavior scientists.
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3.4. Abstract

In vivo fluorescence miniature microscopy has recently proven a major advance,

enabling cellular imaging in freely behaving animals. However, fluorescence imaging

suffers from autofluorescence, phototoxicity, photobleaching and non-homogeneous

illumination artifacts. These factors limit the quality and time course of data collection.

Bioluminescence provides an alternative kind of activity-dependent light indicator.

Bioluminescent calcium indicators do not require light input, instead generating photons

through chemiluminescence. As such, limitations inherent to the requirement for light

presentation are eliminated. Further, bioluminescent indicators also do not require

excitation light optics: the removal of these components should make a lighter and lower

cost microscope with fewer assembly parts. While there has been significant recent

progress in making brighter and faster bioluminescence indicators, the advances in

imaging hardware have not yet been realized. A hardware challenge is that despite

potentially higher signal-to-noise of bioluminescence, the signal strength is lower than

that of fluorescence. An open question we address in this report is whether fluorescent

miniature microscopes can be rendered sensitive enough to detect bioluminescence.

We demonstrate this possibility in vitro and in vivo by implementing optimizations of the

UCLA fluorescent miniscope v3.2. These optimizations yielded a miniscope (BLmini)

which is 22% lighter in weight, has 45% fewer components, is up to 58% less

expensive, offers up to 15 times stronger signal and is sensitive enough to capture
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spatiotemporal dynamics of bioluminescence in the brain with a signal-to-noise ratio of

34 dB.

3.5. Introduction

Microscopic imaging of fluorescent indicators to track neural activity is an

increasingly important tool in systems neuroscience. Over the last 9 years, portable

microscopes that allow free behavior while collecting 1-photon signals have become

regularly employed in freely behaving animals. This key advance became possible with

the introduction of miniature microscopy (or ‘miniscopes’) in 2011 by Schnitzer and

colleagues [16]. The adoption of this technology was accelerated around 2016 when a

group from the University of California in Los Angeles (UCLA) released their first version

of an open-source miniature microscope most commonly known as the UCLA

miniscope [17]. Ever since its release, the miniscopes have been used by over 400

different groups to answer questions in domains ranging from memory representation to

olfactory processing [30].

Figure 28. Illustration of the factors contributing to noise in the case of fluorescence (A) and
bioluminescence (B).
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Despite their impact, fluorescence-based imaging tools are fundamentally limited

by their need to project light onto the brain. Common problems that limit imaging

sessions are photobleaching and phototoxicity. The signal-to-noise ratio (SNR) for

localizing discrete signals in the tissue is also fundamentally limited due to

autofluorescence from unintended sources, and non-homogeneous illumination due to

the scattering of excitation light (Fig. 28A). These issues become further exacerbated in

the case of miniscopes, due to smaller form and cost factors compared to traditional

benchtop microscopes. The weight requirement of mobile devices implanted in mice

[259] inevitably constrains the optics, imaging quality and experimental duration

attainable with epifluorescence miniscopes.

Bioluminescent molecular tools offer a promising alternative to fluorescent

indicators. Bioluminescence is a form of “cold-light” generated via chemiluminescent

reaction between a luciferase (an enzyme) and luciferin (a substrate). Many forms of

bioluminescence in nature require a second factor to produce photons, such as

increased levels of adenosine triphosphate [260] or calcium concentration, [261] and

there has been a recent increase in the synthesis of optimized luciferases for calcium

sensing [262].

Bioluminescent indicators create light within the cell of interest, and do not

require excitation light, creating several benefits. Bioluminescent cells do not suffer from

photobleaching, phototoxicity, or excitation scattering, and these point sources do not

create autofluorescence (Fig. 28B). As such, the bioluminescent indicator strategy

significantly reduces the noise ‘denominator’ of the SNR, offering more definitive

localization and increased imaging depth [95]. Also, because excitation light is not
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needed, the design of the miniscope can, in concept, be made significantly simpler and

lightweight by removing components associated with excitation. These gains are

important when considering the challenges of in vivo mouse imaging.

Natural bioluminescent indicators were among the first employed in neuroscience

[263]. However, native bioluminescent sources had two key limitations. First, many

photoproteins required achieving a complex molecular configuration, causing fast

rundown of the signal. These molecules also often had slow time constants and lower

total signal output. These issues have largely been addressed by recent synthetic

bioluminescent indicators, but whether their signal strength is sufficient for large-scale

neural imaging in vivo remains a major question.

To directly address this key question, we systematically modified the miniscope

design for bioluminescence, and tested its capacity for detecting bioluminescent signals

in vitro and in vivo. We found that this modified miniscope could robustly detect these

signals, and when compared to a conventional system, showed a significant increase in

signal detectability, reduction in complexity, and decrease in weight. This progress

represents a key step in the refinement of this approach, which can prove

transformative to an important imaging approach.

3.6. Methods

3.6.1. Design of bioluminescence miniscope (BLmini)
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Figure 29. (A) An epifluorescence UCLA miniscope v3.2 [9] and (B) the optimized
bioluminescence miniscope (BLmini) v1.0. (C) Cross-section of a fluorescence UCLA miniscope
highlighting the percentage of total light losses caused by the optical components along the
emission light path. The components marked in red were removed as part of design
optimization for bioluminescence imaging. EM = emission.

The chemiluminescent generation of bioluminescence removes the need for

excitation light optics, allowing beneficial simplification of the microscope’s architecture.

In the case of UCLA miniscope v3.2, we removed the excitation light emitting diode’s

(LED) printed circuit board (PCB), filters, dichroic mirror and filter set cover (Fig. 29).

3.6.2. Arrangement for the in vitro comparison of the standard UCLA

miniscope and the BLmini
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Figure 30. Experimental setup used for in vitro comparison of fluorescence and
bioluminescence miniscopes. Bioluminescence signal was simultaneously tracked using a
powermeter underneath a Petri dish and two miniscopes immersed in the luciferase solution.

The ability to detect light of the same intensity was compared between the two

miniscopes as shown in Fig. 30. Both miniscopes were placed into a Petri dish with

gradient-index (GRIN) lenses (#64-519, Edmund Optics Inc.) dipped into a luciferase

solution containing 150 µL of either Nanoluc (NLuc, also known as NanOgluc;

synthesized by Twist Bioscience as a part of 10,000 Free Genes Project) or

mVenus2-Nluc, corresponding to 460 nm and 530 nm peak emission wavelengths,

respectively. To initiate bioluminescence emission, ~150 µL of luciferin

(bis-coelenterazine (bisCTZ)) diluted to 10-15 µM was added. All measurements were

done inside a custom‐made light‐tight chamber. An optical powermeter (PM100D with

S130VC sensor, ThorLabs) was used to track the bioluminescence emission and control

the background light inside the dark enclosure.

Miniscopes’ and powermeter’s signals were synchronized in time using LED

flashes. By default, the UCLA miniscope’s excitation LED is constantly turned on, even

when set to the lowest power. To avoid confounding light contamination, the excitation
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LED was disconnected from the sensor PCB during these measurements. Using UCLA

miniscope’s software, both miniscopes were configured to sample at 5

frames-per-second (FPS; exposure time ~200 ms) and the gain set to its maximum of

64, corresponding to a gain of 4 of the complementary metal–oxide–semiconductor

(CMOS) sensor (MT9V032C12STM). To compute light intensities using acquired

miniscope movies, the pixel intensity was averaged across all the pixels and normalized

by the baseline pixel intensity.

3.6.3. In vivo comparison of the UCLA miniscope and the BLmini

In vivo testing was done on signals emanating from a mouse expressing

mNeonGreen tethered to EkL9H luciferase (i.e. a shrimp-based luciferase variant also

referred to as NCS2) following the injection of pAAV-hSyn-Kozak-NCS2 virus in primary

somatosensory cortex (SI) 11 weeks prior (craniotomy centered at A/P = -1.25 mm and

M/L = 3.25 mm relative to Bregma, injection depth = 0.35 mm). Immediately prior to the

experiment, dura was removed around the imaging area and a delivery pipette (34G,

#207434, HAMILTON Inc.) brought into contact with the surface of the cortex, causing it

to dimple. The injection of 1 µL of h-CTZ (2.36 mM, Cat # 3011, NanoLight Technologies

Inc.) was carried out at a rate of 1.25 µL/min. A GRIN lens (GT-IFRL-180_inf_50-NC)

was mounted on the BLmini and was lowered to touch the surface of the brain near the

injector’s needle. Using ambient light, we acquired brightfield images of the cortical

surface to verify the location of the GRIN lens within the craniotomy based on vascular

landmarks.

The miniscope was configured for image acquisition at 1 FPS and software gain

was set to its maximum value of 64. The miniscope was powered 40 min prior to
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imaging onset to minimize the impact of thermal noise. All measurements were

conducted inside a custom-made dark enclosure with an animal under isoflurane

anesthesia. An electron multiplying charge-coupled device (emCCD) camera (Ixon 888,

Andor Inc.) with a Navitar Zoom 6000 lens system (Navitar, 0.5x lens) was used to

acquire higher amplification cortical maps before and after imaging with BLmini. The

exposure time of the camera was set to 10 s, and the electron multiplying gain was set

to 30. Images from the BLmini and emCCD camera were aligned manually based on

vascular landmarks and used to verify the correspondence between the locations of the

peak signals detected by two cameras. The SNR was calculated using the following

equation:

, (2)𝑆𝑁𝑅 = 20 × 𝑙𝑜𝑔
10

𝐵𝐿
𝑚𝑎𝑥

𝑆𝑇𝐷(𝐵𝐿
𝑏𝑎𝑠𝑒

)

Equation 2. SNR equation.

where BLmax is the peak bioluminescence value, BLbase is the baseline bioluminescence

signal (i.e. the pixel grayscale values during 150 s before the injection and STD is the

standard deviation. Both BLmax and BLbase were calculated for the same manually

selected region-of-interest (ROI).

All procedures were conducted in accordance with the guidelines of the National

Institute of Health and with approval of the Animal Care and Use Committee of Brown

University.

3.7. Results
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3.7.1. Greater signal strength, reduced mass, cost, power consumption and

assembly complexity of the BLmini

Table 2 summarizes characteristics of two miniscopes. The signal strength

comparison was based on the experiment summarized in Fig. 30 and results are shown

in Fig. 31. Both miniscopes were able to detect bioluminescence from both constructs,

but the BLmini showed a significantly stronger signal. The power budget in Table 2 was

estimated for a wire-free version of UCLA miniscope made public on 5/21/2019 [250].

UCLA miniscope BLmini

Mass 3.2 g 2.5 g

Number of components 22 12

Cost/scope $1263 (1-4 scopes)
$547 (>=20 scopes)

$526 (1-4 scopes)
$443 (>=20 scopes)

Signal strength x @ 460nm
y @ 530nm

~15x @ 460nm
~3y @ 530nm

Power consumption 1,100 mW (wired)
296 mW (wire-free)

957 mW (wired)
148 mW (wire-free)

Table 2. Summary of Comparison of the Conventional UCLA miniscope and the BLmini.

116

https://paperpile.com/c/WCrBc0/CpAH6


Figure 31. Results of in vitro bioluminescence measurements using the BLmini (blue),
fluorescence UCLA miniscope (UCLAmini; orange) and powermeter (purple) for two luciferase
constructs. Besides differences in wavelengths ((A) for 460 nm from Nluc and (B) for 530 nm
peak from mVenus2-Nluc), two different luciferases had different emission intensities as can be
seen from powermeter data.
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Figure 32. (A) Time courses of bioluminescence emission measured using BLmini (red) and
EMCCD camera (green) in two different animals. Miniscope imaging involved topical
administration of h-CTZ and emCCD imaging involved cortical injection of CTZ. The injections
were made at time point zero and finished at the time points marked by the dashed lines. (B) An
image showing a bioluminescence map acquired using the more sensitive emCCD camera
immediately following miniscope measurements after removing the BLmini with the GRIN lens
from the EMCCD’s FOV. Yellow ROI corresponds to the location of the BLmini’s FOV and the
smaller red region corresponds to an ROI for which the mean intensity was plotted in (A). (C)
Confocal microscopy image showing viral expression of mNeonGreen tethered to EkL9H
luciferase on the coronal brain slice.

3.7.2. BLmini captures spatiotemporal dynamics of bioluminescence during

the initial in vivo measurements

The BLmini was also able to capture the spatiotemporal dynamics of in vivo

bioluminescence with the SNR of 34 dB, as shown in Fig. 32. For comparison, we

overlaid time courses acquired using the BLmini and EMCCD in a different experiment
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([265]; Fig. 32A). The signal captured by the BLmini also tracked more subtle features

of the known bioluminescence response. These properties include an early slowing in

photon production during substrate injection, thought to be due to the inhibition of

photon production by the breakdown products.

A clear difference between the emCCD’s and miniscope’s signals lies in the

baseline signal magnitude prior to the injection of h-CTZ. The CMOS sensor employed

in the miniscope does not rely on any form of cooling and consequently suffers from

significantly stronger thermoelectric background noise, as well as anisotropic

distribution of noise across the pixels characteristic for any CMOS sensor.

By measuring the decaying bioluminescence signal using an emCCD in the

present experiment after the removal of the BLmini from the field-of-view (FOV), we

were able to verify the areas where we should anticipate the strongest signal (Fig. 32B).

The area showing highest SNR within the miniscope’s frames aligned well with the peak

bioluminescence intensity area identified via emCCD, and corresponds to the viral

injection site verified via histology (Fig. 32C).

3.8. Discussion

The data shown here, enabled by substantial modification of miniscope design,

confirm that standard bioluminescent signals generated in vivo can be reliably detected.

Further, the proposed benefits of design modification were realized: the BLmini is more

sensitive, lighter, and simpler to assemble. Given the ongoing molecular innovation in

bioluminescent indicators, and in miniscope sensitivity and resolution, this area of
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technology development is well-positioned to fully take advantage of the benefits of the

bioluminescent strategy.

Reduction in power consumption offered by the removal of the excitation LED

offers even greater experimental benefits for wire-free miniscope imaging. The version

of the miniscope utilized for the present work relied on an ultrathin coaxial cable to

communicate between the data acquisition system and the miniscope. However,

alternative designs have recently been released that allow wire-free collection of

imaging data by replacing a wired data link with an SSD card [266], [267]. The UCLA

wire-free design is compatible with the simplified optics presented here. Further, the

wire-free fluorescence miniscope requires ~296 mW. Approximately half of this power is

consumed by the current driver powering the LED, so its removal cuts the power

consumption in half and prolongs battery life. A 45 mAh LiPo battery weighing 1.1 g

allows continuous fluorescence imaging for ~20 min. When using bioluminescence

indicators, this time can be extended up to 40 min, or the battery weight can be reduced

to ~0.5 g to offer the same experimental duration of 20 min.

One key next step will be the refinement of SNR by using better imaging sensors

[268], improved transmission optics and brighter bioluminescence constructs. CMOS

sensors offering higher sensitivity are widely available and, as seen in Fig. 29C,

optimization around the objective GRIN lens alone can help to further mitigate 24% of

light loss. We did not attempt a detection of calcium indicators in the current study,

focusing instead on this initial existence proof. Another key next step will be systematic

testing of such signals.
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In the present report we demonstrate early results on detectability of

bioluminescence using a modified UCLA miniscope optimized for bioluminescence

imaging (BLmini). Removal of the excitation optics allowed us further to reduce the

mass, cost, power consumption and assembly complexity of miniscopes. Even with the

minimal modifications presented here, we were able to capture spatiotemporal

dynamics that typically can be observed when using a high-end emCCD camera. Not

only were we able to detect bioluminescence using a much simpler, smaller, lower-cost

camera, we were able to do so at a much higher frame rate (as fast as 5 fpscompared

to 0.1 fps used with emCCD [265]), paving the way towards measurements of calcium

dynamics via bioluminescence indicators undergoing active development. Transitioning

to bioluminescence miniature microscopy can enable testing of a broader spectrum of

hypotheses.
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CHAPTER 4

4. Conclusions and future work

4.1. Conclusions

Chapter 2 of the present work describes the development of tools and

methodology for gaining optical access to the multiple parts of the body in the same

animal. The unique novel contributions of this part of my dissertation work include: (i)

development of the low-cost, easy-to-fabricate and easy-to-customize implants

universally applicable for either brain or spinal cord imaging, (ii) developing a custom

surgical setup for spinal cord surgeries that offers finer control over the spinal cord

during chronic surgeries, (iii) demonstrating that the same mouse can tolerate well two

surgeries for the brain and spinal cord window implants, (iv) demonstrating that single

surgery across both brain-spinal cord foci is feasible and can be applied for functional

studies involving perfusion and calcium dynamics, (v) first ever demonstration of brain

and spinal cord imaging of the responses evoked by the optogenetic stimulation of

thermo-chemical nociceptors (Trpv1-expressing) and low-threshold mechanoreceptors

(Cacna1h-expressing), (vi) first ever imaging of spinal cord pinch responses in

transgenic SOM x GCaMP6s x tdTomato animals, (vii) development of the methodology

of imaging across the brain-spinal cord continuum in the same animal, (viii) first ever

demonstration of simultaneous imaging of 3 parts of the body (i.e. the brain, spinal cord
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and the hindlimb), (ix) first ever demonstration of spinal cord vascular dilations being

reliably induced by blue light in wild type animals.

Chapter 3 of the present thesis describes my progress towards imaging of

low-noise low-signal bioluminescence using low-cost low-sensitivity miniature

microscopes up to this date applied only towards fluorescence imaging. My unique

novel contributions to the field in this chapter include: (i) first demonstration of the ability

to image bioluminescence using a low-sensitivity miniature microscope, (ii) designed a

new miniscope (BLmini v1.0) for imaging bioluminescence, (iii) first demonstration in

practice of the benefits of bioluminescence compared to fluorescence towards

simplifying the microscopy hardware.

Figure 33. The input (goal) specifications of the imaging method were defined at the beginning
of this dissertation based on the knowledge gaps surrounding acute and chronic pain. The
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output specifications of the developed imaging methodology present a significant advancement
of pain researcher’s toolbox. SC = spinal cord, DRG = dorsal root ganglion, SCS = spinal cord
stimulation, PBM = photobiomodulation, CPSP-SNI = chronic post-surgical pain caused by
sciatic nerve injury.

The overarching goal of this thesis was to contribute towards significant

advancement of the imaging methodology by meeting the specifications defined in Fig.

33 and, ultimately, bringing the basic and translational science pain questions outlined

in Chapter 1 within the reach of the scientific community. The targeted (input) and

achieved (output) specifications are summarized in Fig. 33. The status of each

specification can be summarized as follows:

I. Number of imaging sites: in this dissertation I demonstrated and systematically

documented the methodology for imaging simultaneously up to 3 sites. This is a

significant advancement over current state-of-the-art 1 imaging site. For the skin

imaging, I demonstrated the ability to image perfusion in the hindpaw. However,

the same approach is readily transferable to other parts of the body. This has

been validated during this dissertation work by imaging the skin in the ears using

the same exact hardware and software as used for imaging the hindpaw (data

not reported). DRG imaging has not been pursued in this dissertation, however,

given the recent development of a chronic DRG implant [38] and my experience

with spinal cord surgeries and implant design, it seems as a feasible and

important future step to develop an implant for simultaneous DRG and spinal

dorsal horn imaging within the same animal. I foresee developing

simultaneous DRG and spinal dorsal horn surgical preparation as the most

challenging step in achieving 4-site imaging to fully satisfy this

specification.
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II. Spatio-temporal resolution: in this dissertation I implemented calcium rather than

voltage imaging. In the case of neurons, calcium has a slower temporal scale

than voltage both in the brain and spinal cord, with spinal cord lamina I calcium

events being slower than hippocampal CA1 pyramidal neurons [269]. As calcium

signals have significantly slower temporal scales than voltage signals (on the

order of 500 ms for calcium [269], [270] vs. 1 ms for voltage [214]), 30 fps is

sufficient to image calcium and vascular dynamics, and is the default maximum

frame rate supported by UCLA miniscope v4.4. 1.2 µm resolution was

determined via 2-photon (900 nm excitation) imaging of a calibration slide using

20x objective (LUCPLFLN20X, Olympus Inc.) with an additional optical zoom of

2x, and 3 µm resolution was determined via 1-photon (470 nm excitation)

imaging of a calibration slide using 5x objective (#46-143, Edmund Optics Inc.).

These were typical objectives used in this work for calcium and vascular

benchtop microscopy. UCLA miniscope v4.4 offers comparable lateral resolution

of ~1.6 µm. It must be noted however that the actual lateral resolution decreases

for deeper targets and the specific values provided here are the estimates of

resolution at the surface rather than deep in tissue. Finally, I do not list the

resolution output specifications for neural endings because I did not image

individual nerve endings in my work. However, it should be noted that the

methods developed in my dissertation should be directly translatable towards

imaging calcium dynamics in the individual nerve endings in the skin based on

the similarity of microscope hardware specifications presented here and reported

for imaging nerve endings in [79]. I foresee achieving voltage rather than
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calcium imaging as the most challenging future step in satisfying this

specification. Even though previously developed voltage imaging methods [3] in

principle should be directly translatable to multi-site imaging, this has never been

done before and would require different microscopy hardware and analysis

software than reported in this document. Special consideration would also need

to be given to efficient handling and analysis of large datasets: 30 minutes of

1-site 1-channel miniscope imaging at 30 fps in this work generated 10 GB of

compressed image data, when imaging voltage at 400 fps with the same FOV 30

minutes of imaging would yield ~130 GB, and scaling this to 3 imaging sites, as

was done in my dissertation, would yield ~400 GB per 30 minutes (800 GB/hr or

13 GB/min).

III. Imaging targets, channels and specificity: in this dissertation I imaged up to 2

targets simultaneously - neural calcium and blood vessels - and hence used up

to 2 optical channels for imaging (i.e. channels sensitive to wavelengths

surrounding green and red visible colors). To achieve genetic specificity, I tested

a variety of genetic targets throughout my work (PV, SOM, NDNF, CaMKIIɑ,

hSYN, Tie2, Ly6g, Trpv1) using AAV viruses and transgenic mice. Most of the

results throughout my work were acquired using CaMKIIɑ and hSYN promoter

AAV viruses. I have not explored glial imaging, however, I explored immune

imaging in the periphery and the spinal cord. I attempted transgenically labeled

neutrophil imaging acutely in the spinal cord and in the punch injury in the ear, as

well as white blood cell imaging in the dextran-labeled blood vessels in the spinal

cord (data not shown). Albeit targeting of cells based on their functional
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phenotype would be valuable (e.g. by identifying the sub-populations of neurons

responsive to nociceptive vs. innocuous stimuli, we could optogenetically

suppress specifically nociceptive cells and excite specifically innocuous

information processing cells, and assess its impact on pain during different

stages of pain chronicity). I foresee achieving simultaneous labeling and

imaging of 4 targets as the biggest future challenges in fully meeting this

specification. Ultimately, the complexity of labeling needed to answer any given

question will depend on specific imaging targets (e.g. as part of my spinal cord

work I imaged white blood cells as shadows inside the blood vessels loaded with

fluorescent dextran dye, hence if a given study requires imaging of blood flow

and tracking of white blood cells, both targets could be acquired using a single

imaging channel).

IV. Imaging depth and volume: the imaging depth of 70-100 µm is based on the

deepest imaging achieved throughout this dissertation work, which involved

imaging right underneath the spinal dorsal vein. The spinal dorsal vein has been

reported to be 70-100 µm deep [188]. Furthermore, the majority of my

experiments involved planar (2D) imaging, with only a few trials of volumetric

(3D) imaging of blood vessels. The main caveat of 3D imaging is the decrease in

the sampling rate or the decrease in the FOV to accommodate additional imaging

planes. I foresee achieving high imaging depth at more than 1-site to be the

most significant challenge in meeting this specification. 500 µm deep SC

imaging with cellular resolution currently can be achieved only using 3-photon

microscopy [97] and reaching 1,000 µm depth in the brain requires at least
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2-photon microscopy. Even though 2-photon microscopes are gradually

becoming more accessible, the cost of 3-photon microscopes still limits their use

to very few laboratories in the world. Multi-photon imaging of two sites within the

same animal simultaneously would inevitably require even more customized and

more costly microscope designs. Hence, more affordable and simple techniques

like bioluminescence imaging are especially valuable as we scale up imaging to

many targets and sites.

V. Impact on animal’s biology: even though throughout this dissertation multiple

animals have been imaged during unrestrained behavior (data not reported), all

the results presented in this thesis involved either anesthesia (i.e. isoflurane) or

head-restraint. Isoflurane is known to affect neuronal [37] and vascular function

[53], and restraint is known to induce stress in mice [271]. Even though at the

basic level these are known impacts on animal’s biology, these effects cannot be

considered well-controlled. Furthermore, the impact of restrained and anesthesia

on an animal's biological dynamics has never been investigated in the case of

multiple implants compared to a single implant. In the present study, we are the

first to assess the impact of multiple implants on an animal's weight while

carefully monitoring for qualitative signs of stress. Even though we have not

tested the impact of surgeries on animal’s central nervous system (e.g. by

directly imaging CNS function), the lack of significant changes in weight and

absent qualitative stress signs suggest that the methodology reported in this

thesis has the impact on animal’s biology comparable to the procedures involving

1-site imaging. I foresee achieving the absent impact on animal’s biology as
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the biggest (and maybe impossible) challenge towards satisfying this

specification. However, eliminating the anesthesia and restraint, minimizing

surgical invasiveness and increasing surgical repeatability, and minimizing

imaging invasiveness (e.g. by imaging through the skull or between the

vertebrae, and relying on intrinsic signals) are the examples of important

advancements that allow better control over undesirable biological confounds.

VI. Imaging chronicity: even though the maximal post-implant pre-imaging duration

achieved in this thesis significantly exceeds the pre-defined specification (i.e. 3

months vs. 7 months and 20 days), it is important to note that as part of my

dissertation work I did not methodically track the same exact neurons, blood

vessels or regions of interest throughout the entire 7 months and 20 days.

Rather, I was able to image responses within different regions of interest of the

implanted window as late as 7 months and 20 days after the surgery. The

methodology developed in this dissertation offers access to neurovascular

dynamics across brain-spinal cord for significant durations spanning acute and

chronic stages of pain. However, in assessing the role of individual cell dynamics

in development of pain it is particularly important to be able to track the same

cells and blood vessels throughout months. I foresee achieving the ability to

image the same exact functional units in 4 sites for ≥ 3 months as a

significant future challenge. This will be especially a challenge in specific

preparations, for instance, requiring restraint (especially by the vertebral column,

which has a more limited long-term stability compared to the head restraint

because of higher mobility of the animal's back). On the other hand, in the
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preparations allowing imaging under anesthesia, methodology developed here is

readily translatable for long-term tracking of the same targets.

VII. Imaging repeatability: it has been demonstrated in this dissertation that different

animals recover consistently well after multiple surgeries needed for multi-site

imaging, as well as after multi-site imaging sessions. It was also demonstrated

that different animals are consistently responsive to the stimuli employed in this

study. However, the repeatability of the response features across animals has not

been assessed in my dissertation. It can be summarized qualitatively that

responses and the quality of implanted windows seemed to be variable between

animals. However, the observed variability makes perfect sense given that as

part of the methodological development in this dissertation it was required to test

as many iterations as possible to identify what works and what does not rather

than studying the specific circuits and questions. Hence, it was not aimed

(especially at the beginning) to precisely replicate the spinal levels of the

implanted windows (the implants were attempted across all the spinal levels

between L1-L6) or the specifications of AAV injections (both for brain and spinal

injections a variety of injection rates, depths, volumes, injection counts and XY

coordinates have been tested). By fixing these variables right from the beginning,

there was a risk of converging to conditions that would yield poor imaging results

right from the beginning. I foresee the repeatability of the implant procedure

between different surgeons as a significant potential challenge in fully

satisfying this specification. Repeatability between the surgeons becomes

particularly challenging once the complexity of the surgery increases and

130



achieving repeatable, high quality imaging across 4-sites can involve a significant

amount of surgical skill, for instance, in the cases where chronic invasive access

is needed to the brain, spinal cord and DRG within the same animal. Continuing

the development of carefully documented protocols as presented here is part of

the process of fully satisfying this specification.

VIII. Compatibility with behaviors: in this dissertation I demonstrated the ability to

image multiple sites in the context of peripheral optogenetic, pharmaceutical and

mechanical stimulation under isoflurane and awake restrained behaviors. I also

demonstrated the ability to image the spinal cord in the case of direct optical

stimulation under anesthesia, as well as multi-site imaging of background

calcium dynamics in awake unrestrained animals during the transition from

anesthesia to awake state and during the awake exploration of the homecage

(data not shown). The behaviors implemented in this dissertation can already

offer access to the new deeper insights into processing of noxious and innocuous

stimuli as was illustrated in Fig. 9. However, the repertoire of accessible

behaviors should be expanded even further. I foresee achieving the

compatibility of 4-site imaging with stimulation (for instance, optical,

mechanical, electrical, etc.) in freely behaving animals as a significant

future challenge in fully satisfying this specification.

In summary, my thesis presents a first detailed development of methods towards

being able to study the brain and spinal cord within the same animal. Developed

surgical and imaging procedures were applied to demonstrate the ability to image both

the spinal cord and the brain within the same animal sequentially and simultaneously

131



presenting the types of datasets that have not been accessible to scientists before. The

multi-site imaging approach presented here is not limited to a single imaging modality. I

demonstrate that this methodology can be used with benchtop 1-photon and 2-photon

microscopes, and wearable 1-photon miniscopes to image both the vascular and

calcium dynamics chronically for over 6 months after surgery. My contribution further

expanded towards a more long-term development of new calcium imaging indicators

based on bioluminescence in pursuit of theorized benefits of improved SNR and

imaging depth. I demonstrated the ability to image bioluminescence with redesigned

miniscopes in vivo and showed in practice the simplification of microscopy hardware.

Altogether, this thesis will help the forthcoming scientists to broaden our understanding

of circuits in health and disease.

Figure 34. Visual summary of the dissertation: the progress towards multi-site and multi-modal
imaging broadens circuit understanding and improves the quality of science by measurement
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and control of foci spanning brain and spinal cord within the same animal. The background
images of neurons were originally created by Santiago Ramón y Cajal and are in the public
domain.

4.2. Limitations

One of the holy grails and my dream as a student and a scientist was to see

whether the endogenous light sensitivity effects (such as the ones demonstrated in Fig.

16C) have any distant effects throughout the body away from their focal origin site. For

instance, does the local modulation of vascular dilations in the spinal cord affect in any

way neurovascular dynamics in any part of the brain? Within the constraints of this

dissertation all the spinal cord vascular modulation experiments were performed without

concurrent imaging of the brain and vice versa, I analyzed some of the brain vascular

data available in the lab which did not have associated spinal cord data. Furthermore, it

has been shown that for the pulmonary arteries the endogenous blue light sensitivity

effects are potentiated by inhibiting G protein-coupled receptor kinase (GRK2) [106],

[107]. It has been my long-standing dream to investigate the effects of the GRK2

inhibitor on the endogenous effects of blue light. Besides the potential of GRK2 inhibitor

to enhance the endogenous light responses, awake state over anesthetized state (as

was studied in this dissertation) holds a promise for demonstrating more potent

responses [53]. Hence, the ideal experiment which I never had a chance to pursue

would involve the use of GRK2 inhibitor in awake animals.

Another limitation was the studying of the endogenous effects of light on the

penetrability of the blood-spinal barrier. This is a limitation of this work only in my

personal view only because the tools that I developed are well positioned to investigate

this question and I had a chance to pursue only preliminary experiments. However, I
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concluded that to address this question more meticulously I would need to beam shape

the stimulation to the specific blood vessels and image the blood vessels in 3D to obtain

a detailed spatial profile of the flow of dyes through the blood vessel walls without any

ambiguity (especially in the spinal cord, where even under anesthesia there is a lot of

tissue motion). The pursuit of questions around the modulation of blood-spinal barrier

via endogenous light sensitivity requires a significant investment into refining the

vascular imaging methods that were available to me and was not a compatible task with

the bioluminescence and multi-site imaging work.

Another personal limitation of this study is that I took it as a personal challenge to

demonstrate that we can image calcium responses to whisker stimulation using

bioluminescent indicators in awake animals. The extensive efforts have led me to

conclude that although the bioluminescent indicators that I tested thus far showed many

promising putative responses, the extremely low signal makes it challenging to claim the

reliable detection of calcium with bioluminescence. Hence, my quest for observing the

undeniable bioluminescent calcium responses remains incomplete. It remains my

dream to continue the pursuit of bioluminescent indicators, including the indicators for

voltage and neurotransmitters, and experimentally assessing all the benefits of

bioluminescence imaging over other imaging modalities.

Another limitation is that as part of the demonstration of multimodality of our

methodology, I was hoping to demonstrate our ability to image the immune system

responses. I attempted imaging neutrophil recruitment to the wound in the ear and the

spinal cord in C57BL/6-Ly6g(tm2621(Cre-tdTomato)Arte) animals with transgenically

labeled neutrophils [272]. However, in the cases of both animals I was not able to
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reliably identify the recruitment of neutrophils. The only immune cells that I managed to

image successfully throughout my work were the putative white blood cells rolling down

the walls of the vessels in the spinal cord.

Finally, the challenges with tissue fibrosis limiting the lifespan of spinal cord

windows present a significant concern for me as a developer. My main source of

discomfort comes from the fact that our assessment of window quality similarly to others

[33] is qualitative and primarily relies on visually observing the morphological changes

or observing the loss of signal. A more ideal approach would involve systematic

measurements of fibrosis for different surgical preparations to identify the best

approach. However, this is a substantial study on its own, which hopefully will be

undertaken by me or others in the future.

4.3. Future work

A futuristic dream of my ideal experiment involves imaging the

neuro-glio-vasculo-immune dynamics at the same time not just in the brain and

spinal cord, but throughout the entire body. A more realistic and yet short-term

futuristic is the goal outlined in this dissertation of achieving 4 imaging sites. At this

stage, 4-site imaging is a futuristic goal akin to how 2-site and 3-site imaging were

futuristic goals at the beginning of my dissertation. The involvement of different parts of

the body in every action scales up or down depending on the bodily needs during any

given action, but even with this scaling in mind, every action can be considered as a full

mind-body experience. Hence, in order to develop a full mechanistic understanding of

any process happening in animal’s body, we need to understand not only how each part
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of the body functions by itself, but also how these parts interact and function together as

parts of a single system. How do different parts communicate together and what

happens when this communication is altered? It would be fascinating to assess how far

the limit can be pushed on the number and complexity of surgical procedures and the

number of imaging implants within a single animal without adverse effects on animal's

health. However, at some point increasing the count of implants and surgical

impactfulness on biology becomes infeasible. Hence, the further away we look into the

future, the greater is the need for non-invasive methods of monitoring bodily dynamics

throughout the entire body.

An important avenue of future work in the domain of functional microscopy

across multiple parts of the body involves the need of efficient labeling of targeted

structures and processes. As we go beyond 2 implant sites, the surgical process for

focal viral injections would become more challenging. Transgenic animals, systemic

viruses and retrograde labeling become more important. For systemic or retrograde

labeling it could be beneficial to have viruses encoding the conjunction of

bioluminescence and fluorescence because the more implants we add, the harder it

gets to synchronize the time courses of good expressions at each site. The viruses

employed in my work already involved such conjunction, however, bioluminescent

molecules were dependent on calcium and fluorescence was static. In the molecular

design I am describing here, the bioluminescence would be static and fluorescence

functionally variable (e.g. calcium dependent). Using bioluminescence, we could track

the trajectory of viral expression outside of the body and perform implantation only once

each site reaches the appropriate level of expression (similar to tumor tracking by Figley
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et al. 2013 [245]). This could be useful even in the case of systemic viruses. If systemic

viral expression is not perfectly repeatable for a given animal model or the viral labeling

protocol simply has not been established yet to achieve repeatability, the

bioluminescence imaged outside the body could be used to correlate the strength of

bioluminescent signal with the quality of expression of fluorescent proteins (an indirect

estimate correlated with the quality of fluorescent signal during imaging). Once the

bioluminescent signal reaches a certain relative level in the part of the body of interest,

the scientist can have an informed confidence in the quality of fluorescence expression

and know the timeline for surgical intervention. Of course, the expression of additional

proteins becomes an additional experimental confound, however, such expression of

multiple fluorescent proteins is a common practice, there is no reason to expect any

unique adverse effects from bioluminescent proteins compared to the effects of

fluorescent proteins. There is also room for future developments of temporally

controlled expressions of such combo fluorescent-bioluminescent constructs to

constrain the bioluminescent expression only until the expression of fluorescent

molecules reaches the right level. One can even fantasize about photoswitchable

configuration where once the fluorescent molecules reach sufficiently strong expression,

they could be excited by bioluminescent molecules sufficiently to induce fluorescent

emission of sufficient energy to permanently photoswitch OFF the bioluminescence.

It also seems important to continue improving on the surgical preparation

involving a single surgery for brain-spinal cord implants because it yields more

consistent labeling and tissue healing timelines between the implant sites and reduces

the number of cycles the animal has to undergo a surgical procedure. Relatedly, similar
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single-surgery developments would be beneficial for other sites of interest, for instance,

a single surgical procedure for brain, spinal cord and DRG.

On the behavior side, the vertebral, head and hindpaw restraints offer the best

stability for optomechanical plantar stimulation of the hindpaw and 3-site restraint can

be readily applied in anesthetized animals, but applying the hindpaw plantar

stimulation with 4-site imaging in freely moving animals is the ultimate best case

experimental scenario. In the present study I relied on multi-functional implant design

that allows interchangeable imaging in either vertebrally restrained or freely moving

animals to study sensory information processing with the hindpaw plantar stimulation.

The restraint reduces the risk of hindpaw displacement from the optomechanical

stimulator. The experimental design involving the restraint by the head, the vertebral

column and the hindpaw was inspired by the previous work done in our lab on mouse

self-reported nociceptive behavior [126]. However, the spinal cord studies summarized

in Table 1 show a clear trend towards imaging in the animals with freely moving

vertebral columns using wearable microscopes rather than restraining the back. This

trend contrasts the dominant approaches that were pursued in the literature at the

beginning of my PhD which involved restraining the vertebral column [33], [37].

Achieving a stable spinal preparation requires a significant amount of skill and labor,

and an animal's restraint reduces the longevity of even the best crafted implants

because of the additional forces generated by the animal under the vertebral restraint

conditions. The amount of forces exerted over the implant by restraint can be

significantly reduced by extensive, gradual habituation to restraint. One example of

previously reported restraint approaches involved the habituation to the head restraint
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first, followed by the habituation to vertebral restraint [37]. In this example of gradual

head-vertebral restraint, head implant was used only for restraint and did not provide an

access to the brain for imaging. However, habituation for vertebral restraint can require

a significant investment of time and labor because of sensitivity of the quality of spinal

windows presented here to external forces (this is a qualitative observation from my

dissertation work). Hence, I predict that keeping the animal free of any restraint is the

best way of achieving the longest possible spinal cord window longevity. It is important

to keep in mind though that it becomes challenging to apply consistent hindpaw plantar

stimulation in unrestrained animals when studying the responses to hindpaw skin inputs

[126]. The more ideal and naturalistic experimental design would involve imaging in

freely moving animals with an implanted optogenetic stimulator [68], [69], [273]–[276] or

it would be even better to avoid surgical confounds by applying optogenetic stimulation

through the floor while tracking animal’s paws in space [277].

In the realm of bioluminescent work, it is important to continue developing and

testing new more sensitive microscopes and higher quantum yield bioluminescent

indicators in awake animals with systemic administration of luciferin. Given how

similar were the vibrissal responses that I imaged in awake animals using systemically

administered fluorofurimazine (FFZ) to responses imaged in the same animals using

fluorescent indicators (data not shown), it feels that the development of the

bioluminescent indicators is close to yielding clear calcium responses in awake

behaving animals. However, based on the current state-of-the-art, it seems that in vivo

bioluminescent imaging with individual neuron-resolution and sub-second temporal

resolution with systemic administration of the luciferin is still far away from being
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achievable. Similarly, achieving imaging of bioluminescence in freely behaving animals

will require substantial development of more light-tight wearable microscopes-implant

systems and more sensitive cameras with better cooling. One promising direction of

imaging hardware development includes the use of single-photon avalanche diode

(SPAD) array cameras [278]. On the implant hardware side, it could also be beneficial to

utilize the soft cranial windows for repeatable direct cortical injections of luciferin.

Direct cortical injections offer the brightest bioluminescence, but in our hands are

usually implemented terminally due to high invasiveness. Using less invasive injectors

and soft cranial windows could expand the utility of every animal and offer chronic

multi-day studies. Beyond repeatable direct cortical injections, it is important to explore

other luciferin administration routes that could extend the chronicity of bioluminescence

experiments even further, for instance, imaging chamber implants with microfluidics

system for perfusion, transparent hydrogels with controlled release of luciferin

placed under the imaging window, systemic pumps for luciferin infusions,

drinkable forms of luciferins [279], [280], and synthesizing luciferins inside the

body without the need for exogenous administration [281]. Finally, my biggest

dream is to be able to image anything within any part of the body without any significant

negative impact on natural biological dynamics. I foresee an important place for

bioluminescence in our journey towards achieving this dream. Because

bioluminescence imaging can be done using the simplest possible optics (e.g. some

bioluminescence imaging in my work was done using a smartphone) and the ability to

trigger the emission of bioluminescence via natural sources, for instance, via drinking

water, bioluminescence imaging seems to be the perfect modality for the development
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of truly miniature, wireless, fully implantable microscopes. Animals implanted with

such microscopes could engage in behaviors of any nature and complexity

indistinguishable from the animals found in the wild. Development of flat microscopes

with the optical hardware replaced with computation [282], [283] is an already existing

example of feasibility and progress in this direction for fluorescence imaging.

Bioluminescence however would not require the additional computations to account for

missing optical hardware and, as was estimated in Chapter 3, could decrease the power

consumption for a wireless miniscope by half. Realizing the full potential of

bioluminescence could further benefit from expanded scientific exploration of unique

combinations of different physical modalities, for instance, applying ultrasound (or other

physical phenomena, ultrasound being the best established example) for focal release

of luciferins across the blood-brain-barrier [284], [285], enhancing the intensity (by

reducing light scattering) and increasing spatial resolution of bioluminescence using

optical wavefront modulation via ultrasound (aka. ultrasound-enhanced

chemiluminescence) [286], [287] or microwaves (e.g. signal enhancement by

increasing tissue temperature via microwaves) [288], and measuring the ultrasound

signal generated by bioluminescent molecules (similar to how this has been

demonstrated for fluorescence imaging of calcium indicators [289], except in the case of

bioluminescence the imaging setup in principle can be significantly simplified because

of the lack of need for any optical components and hence the lack of need for advanced

custom setups combining lasers with ultrasound detectors; the specifications of

fluorescence, bioluminescence and optoacoustic imaging have been compared by

Pirovano et al. J Nucl Med. 2020 [290]).
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Figure 35. In the past two decades the state-of-the-art functional imaging relied on benchtop
microscopy of a single target under anesthesia (I). Recent development of wearable miniature
microscopes allowed the transition towards imaging during more naturalistic behaviors, albeit
still of a single part of the body (II). Present thesis work paves the way towards multi-site
imaging using benchtop and wearable microscopes in anesthetized and freely moving animals
(III). Tools like bioluminescence microscopy hold a lot of promise for a brighter future where we
can study the biological dynamics of animal body in their natural habitat (IV). Created with
BioRender.com.
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Finally, more near future experiments of my dream, which make sense based on

the progress presented here, include calcium imaging simultaneously in the brain,

spinal cord and the nerve endings in the skin to better understand the mechanisms

of pain and sensory information processing. After establishing the imaging at 3 sites, the

logical and necessary next step is to transition away from calcium towards voltage

imaging. Once we can image voltage at 3 sites, we can start transitioning towards

expanding the imaged targets both in terms of systemic diversity (e.g. immune, nervous

and vascular system at the same time), cellular diversity (e.g. parvalbumin and

somatostatin neurons) and the different parts of the body. For instance, dorsal root

ganglia imaging in conjunction with the brain, spinal cord and the skin seems very

feasible based on the methodology presented in my dissertation. In the realm of pain

and other diseases in general, I am particularly fascinated to apply the multi-site

imaging approaches to gain better understanding of currently poorly understood

modulatory interventions, such as photobiomodulation therapy [291], focused

ultrasound therapy [292], [293], sonodynamic therapy [294], [295], spinal cord

stimulation for back pain [152]–[154], purposeful harnessing of the placebo effect [296],

[297], transcutaneous vagus nerve stimulation [298], bimodal sound and body

stimulation [299], transcranial alternating current stimulation [300], and unique

personalized combinations of non-invasive therapies (e.g. exercise + mindfulness +

photobiomodulation). I consider the above modulatory interventions as particularly good

questions to study using multi-site imaging approaches that I developed not only

because of my personal fascination about non-invasive, understudied, non-mainstream

interventions, but also because these kinds of interventions involve rather complex
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mechanisms that likely require looking at multiple targets and multiple parts of the body

at the same time (as does pretty much any process in the body).
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