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ABSTRACT

The use of various imaging implantable devices and their accompanying set-ups
has given much progress in various neurological studies. With the visualization of
neuronal activity, specifically calcium signaling, expressed as fluorescence in GFP
transgenic mice, activation of many brain regions during behavior is brought to light.
The methods of inner-brain imaging involving implants, or endoscopy, are of various
types, depending on the mechanisms involved for image acquisition and the
consequent quality of the data provided. Most of the methods involve the use of an
implanted refractive component for use with microscopes, which can be tabletop or
miniaturized, to be mounted on free-moving and conscious experimental animals. This
system provides high-resolution data that can discriminate among individual neurons.
Though it can yield high-quality output, the head-mounted equipment is bulky and heavy

and can hinder animal behavior and prevent multiple brain-site recordings at once.

My work throughout the doctoral program has been for the development and the
demonstration, in the context of pain processing, of the applications of an innovative
implantable needle-type imaging device developed by our lab. The device is very
lightweight and does not involve any lenses or microscopy. Instead, the imaging
component is CMOS-based. The well-miniaturized features of the device, when
compared to other endoscopes, provide a much smaller burden on moving, active
experimental animals and permit the visualization of more than one brain area at a time.

It allows for angled implantation paths to avoid critical areas of the brain.



The set-up of the imaging system consists of a data-collecting desktop PC
connected to a double-board module developed by our lab. The imaging devices are
connected to this module, via a cable, and also to power sources, one per device board.
Image data acquisition is by the use of the dedicated CIS-NAIST program, also
developed by our lab. The needle-type device has been structurally modified for greater

implantation accuracy.

Improvements have been implemented into the surgical method for implanting
the devices. They ensure the welfare of the experimental mice is maintained and also to
minimize errors that will prevent the successful imaging of the very small brain region
targets. Because of the refinement of the equipment features and the implantation
procedure, the targeting accuracy for the specific brain sites has improved at every

experimental trial, though complications still remain.

To demonstrate the use of the device in actual in vivo experiments involving
animals and to further its development, the formalin test was done. This test is a
standard method for inducing and observing pain through the subcutaneous injection of
low-concentration formaldehyde on a hind paw of a rodent, and in my work’s case, the
left hind paw of GCaMP6 transgenic mice. | have done this test on double-implanted
mice and collected fluorescence neuron activity data during the experience of pain,
nociception. The target brain regions were the central amygdala (CeLC) and the dorsal
raphe nucleus (DRN) of the right hemisphere, both involved in pain processing in
various degrees. To confirm the presence of pain in mice, visual behavior data,
specifically the licking of the injected hind paw, were also collected. Overall, the

collected data showed that inner-brain fluorescence increase is correlated with



nociception. The timing of the fluorescence also matched with the expected bi-phasic

pain response of the formalin test.

To further test the utility of the devices, double-implanted mice were used in a
modified formalin test. The brain region targets were the same as before. In this phase,
the formalin test was combined with the von Frey tactile test to observe signs of
hyperalgesia or pain-induced tactile hypersensitivity. Von Frey filaments of varying
hardness were used to stimulate touch on the injected hind paws of formalin- and
saline-injected mice to determine if formalin-derived inflammatory pain led to tactile
hypersensitivity. As baseline, some mice were subjected to the formalin test using the
same set-up, but did not receive tactile stimulation. Neuronal activity fluorescence has
shown differences in activity among the groups. Fluorescence intensity was linked to

the presence or absence of hyperalgesia in mice.

Overall, the results | had collected across my doctoral course have demonstrated
that the devices can be used successfully to collect viable data from pain experiments.
With the improvements in the various aspects of the device utilization methodology,
implantation accuracy and animal welfare were made more possible. This body of work
can be used as the basis for further improvement, development, and expansion on how
the needle-type fluorescence-imaging implantable devices can be applied to other

methodologies.
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1. Background of Work

a. Endoscopy for detection of fluorescent neuronal signals

Calcium imaging is a well-established method that has allowed very precise
imaging of neuron firing in real time (Grienberger and Konnerth, 2012). The basis of this
method is the transient influx of ions, including calcium, during neuronal firing and the
subsequent binding of said ions to various proteins as part of the activation pathway. In
genetically modified or transgenic organisms, expression of certain proteins can allow
the visualization of this calcium influx. Transgenic GCaMP animals express a modified
green fluorescent protein (GFP) molecule within select cells that when bound to
calcium, via a calmodulin conjugate, will change its configuration to allow for light-based
excitation (~480 nm emission optimum) and a resulting fluorescence (~510 nm
detection optimum). Theoretically, the amount inflowing calcium ions, and it follows also
the collective neuronal activity, is linearly correlated to the intensity of the fluorescence.
In actuality, optical properties of tissues and the variability of GFP expression in a single
transgenic organism makes this correlation an incomplete, but still very reliable,

representation of the actual neuronal activity and firing.

Fluorescence-imaging brain implants that can visualize calcium imaging have
been indispensable to the field of neurobiology. Their use has given much insight of the
inner workings of the brain in vivo (Grienberger and Konnerth, 2012). There are a
number of types of such devices than can be safely used in living animals without

compromising the process of a study. Though all types have their advantages, they also



have limitations that must be acknowledged when considering their use. Selecting the

appropriate tool can mean the success or failure of doing a study.

Microendoscopes have been used in fluorescence imaging of deep brain tissue.
They come in multiple configurations, of differing materials and collection methods
(Helmchen et al., 2001; Silva, 2017; Ozbay et al., 2018; Scott et al., 2018; Klioutchnikov
et al., 2020). Resolution of collected images is enhanced by the inclusion of a focusing
element or lens. The lens itself can be the endoscope, such as the gradient refraction
index (GRIN lens). The available endoscopes can be rigid, such as the GRIN lens or
silica-containing fibers, but have been miniaturized enough to be of practical use
(Levene et al.,, 2004; Flusberg et al., 2005). These properties provide minimal
invasiveness, but also limit mobility since use of these tools require restrained animals.
Movement is necessarily restricted because of the fixed sizeable tabletop equipment

required for the excitation light source and fluorescence emission collection.

Miniature head-mountable integrated microscopes, or miniscopes, are an
innovation on the use of microendoscopes (Ziv and Ghosh, 2015; Resendez et al.,
2016; Liberti et al., 2017; Jacob et al., 2018).They can be used to acquire high
resolution images of brain activity from freely-moving animals. The implanted
component is a cylindrical lens (e.g. GRIN lens) that refracts light to the microscope
module secured on an animal’s cranium. Though miniaturized, the sheer bulk needed to
accommodate the components gives the device some weight, more than 2 grams in
some cases (Helmchen et al., 2001; Ozbay et al., 2018; Scott et al., 2018; Klioutchnikov
et al., 2020). This entails consideration for the weight burden on smaller experimental
animals, such as mice, and the possible effects on brain activity (Ziv and Ghosh, 2015).
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b. The CMOS-based fluorescence endoscope

An implantable brain activity-visualizing device consisting of a CMOS-based
imaging component at the tip has been referred to either as “chip-on-tip” (Gorissen et
al., 2018) or “camera-on-a-chip” (Friedman et al., 2015). The- two studies from where
the terms were sourced used flexible endoscopes equipped with small CMOS imaging
chips at the insertion ends to visualize the interior of the brain. Though of a similar
fundamental concept, our lab has taken a different approach in the implementation.
Instead, we emphasized rigidity and miniaturization of the implant and the enhancement
of the fluorescence detection of the imaging component to better detect neuronal
activity expressed as calcium-signaling fluorescence in unrestrained and conscious
animals. This kind of CMOS-imaging implant can be applied to the detection of other

inner-brain signals such as positron markers (Ammour et al., 2019).

Our lab has developed a needle-type implantable device that has the advantages
of the aforementioned devices (Fig. 1A) (Ohta et al., 2017; Rustami et al., 2020;
Sunaga et al., 2020). Our device uses a complementary metal-oxide semiconductor
(CMOS)-based image sensor chip (imaging area of 120 by 40 pixels, 7.5 ym per pixel,
hence 300 x 9000 ym) and a blue-light micro-LED (for green fluorescent protein (GFP)
excitation), mounted on a thickened flexible printed-circuit substrate (FPC). It has a
width of 0.7 mm, a thickness of 0.2 mm, an insertion allowance of up to 4.5 mm, and an
average weight of 26.6 mg. Its small features and rigidity prevent excessive tissue
damage, allow simultaneous implantation of another device, and make possible angled
implantations to avoid critical areas and reach difficult sites. These manners of
implantations are almost not applicable to the other types of imaging devices, especially

3



the head-mounted miniscopes, mostly due to their bulk. Their head-mounted modules
will require additional support if oriented non-orthogonally. Though simultaneous use is
still possible with the use of miniature microscopes (de Groot et al., 2020), our devices
are much lighter, providing less of a burden on the test animal. The sensor chip allows
for imaging of calcium signaling fluorescence, but not to the same resolution as

microscopy imaging.

When implanted, the device is affixed in the braincase by dental cement applied
on the skull and further anchored by screws also inserted directly on the skull. With this
configuration, the imaging chip is held constant to a target brain region where it can
image fluorescence of GFP-expressing cells up to 100pum from the imaging area surface
(detection limit). Beyond this limit, regions of interest (ROIs) will not be reliably

distinguished. (Takehara et al., 2016) (Fig 1B).



B needle-type device

dental cement

elastomer seal

skull —

dura mater —

non-fluorescing neuron

excitation-light LED

CMOS imaging chip

GFP-fluorescent neuron



Figure 1. CMOS-based implantable needle-type device for fluorescence
imaging.(A) Left: Image of the needle-type implantable device as seen under a
microscope (28x magnification). This device has undergone all steps of the fabrication
process; Right: Higher magnification of the imaging device (from selection, 45x). (B)
Diagram of the implanted needle-type imaging device and its immediate vicinity. The
span colored red represents the detection limit of the CMOS imaging chip for calcium-
signal GFP fluorescence in the brain. Note that not all neurons will sufficiently express

the GFP molecule needed for fluorescence.

c. Pain-processing neural circuitry and experimentation

In my work, two of these implantable CMOS-based imaging devices were
simultaneously used in mice induced to experience pain via subcutaneous formalin
injection. Pain is an immediate and powerful aversive event that has prominent related
behavior and can usually activate relevant brain sites with very low latency (review
(Woolf, 2010)). In this way, pain stimulation gave rise to an immediate fluorescence
signal that was easily attributed to the processing of the stimulus. This observed
causation was further supported by cross-referencing with time-matched pain-related

behavior, included in the data gathering.

The devices were to be implanted adjacent to the capsular-lateral subsection of
the central amygdala (CeLC) and the dorsal raphe nucleus (DRN). The two brain
regions are connected together via a serotonergic pathway arising from the DRN

(Peyron et al., 1997; Garcia-Garcia and Soiza-Reilly, 2019). These two were selected



for imaging because of their variable roles in pain processing and related functions.
Because of the more prominent and central role the CeLC has in pain processing, it has
been expected that it will provide more intense calcium imaging signals. Such kind of
data will have served as a benchmark for comparison to other weaker signals, such as
what was expected from the DRN. Also, their relative locations had been considered as
most sufficiently spaced apart for simultaneously implanted devices, especially in small

animals such as mice.

The central amygdala has been regarded as a center of the processing of pain
signals (Bernard et al., 1989; Neugebauer et al., 2004; Ossipov et al., 2010; Veinante et
al., 2013) and responsible for pain-related behavior as an output center of the amygdala
(Ji et al.,, 2017). Meanwhile, the DRN has been implicated in the process of pain
modulation (Wang and Nakai, 1994; Stamford, 1995; Li et al., 2017; Lopez-Alvarez et
al., 2018). Together, they are part of a system responsible for processing aversive
stimuli and stress (Spannuth et al., 2011; Groessl et al., 2018; Ren et al., 2018; Garcia-

Garcia and Soiza-Reilly, 2019; Zhou et al., 2019).

d. Objectives

My collective work has aimed to demonstrate two major points. First, it is to
demonstrate that the simultaneous use of two devices on an unrestrained animal is
feasible in an actual experimental setting. It would be with minimal physiological risk
and also allows for unhindered behavior. Second, is to provide useful inner-brain

imaging data of the pain processing circuitry. This is accomplished through calcium



imaging at the relevant sites during the experience of pain. The visual data must be able
to be correlated with other indicators of nociception such as behavior or altered stimulus
thresholds. Overall, | aim to showcase CMOS-imaging device features that can
complement established brain imaging devices while also providing unique advantages.
If I am to be successful in achieving said objectives, the improvement of the device can
progress further and new methodologies in brain-activity visualization can be made

possible, contributing to the development of neuroscience, especially in pain studies.



2. The Double-board CMOS-imaging device System

a. Equipment assemblage

The implanted imaging devices are connected to a series of equipment that

facilitates data collection, power supply, and freedom of movement (Fig.2A).

The devices are immediately connected to lightweight relay cables via clamps
(Fig 4.5). The other ends of these cables are connected to a slip ring that can
accommodate two devices and allows for turning to prevent entanglement whenever the
mouse spins. The slip ring allots electricity and allows for data collection via its
connections to the LED power sources (6146 DC Voltage Current Source, ADCMT) and
the double boards, respectively, one of each per device. These boards have been
developed by our lab for the specific use with the CMOS-based imaging implants. They
are housed in a single casing where they are provided electricity by power supplies (PK-
80L, Matsusada Precision Inc.). These boards relay data signals via cables connected

to specially fabricated cards that interface with the motherboard of a recording PC.

The recording personal computer (Windows 7 OS), with the CIS_NAIST program
installed is the ultimate destination of the fluorescence visual data from the devices.
This version of the program was developed to collect and display imaging data from two
devices at the same time. The program can process visual data via a designated (or
“grabbed”) reference image frame and present it in real time. This processing allows for
better images by giving more visual detail. Adjustments can be made to fine tune
parameters to enhance fluorescence signals and to visualize them in pseudocolor for

better interpretation of fluorescence intensity (Fig. 2B)
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The CIS_NAIST program as viewed in a computer monitor; data is presented in
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All imaging devices are fabricated by hand, so a great deal of mastery was
needed for successful manufacture, especially for high-quality and resilient ones. The

following will recount the fabrication process step by step.

The CMOS imaging chips, designed by our laboratory (Fig. 3), were cleaned by
submersion in acetone (Fujifilm Wako), twice, and then in isopropanol (Fujifilm Wako)
for 5 minutes each. After drying, they were each mounted on a polyimide, gold-circuit-
printed FPC substrate (Taiyo Industrial) taped on a glass slide using a thin layer of
epoxy resin (low viscosity epoxy resin Z-1 (N), CraftResin). The blue-light-emitting micro
LEDs (ES-VEBCM12A, Epistar), with a central emission wavelength of 470 nm, were

also mounted in the same fashion.

The blue-light filter was prepared by first dissolving Valifast Yellow 3150 dye
(Orient Chemical Industries) with cyclopentanol (1:1, w/w) overnight in a light-proof vial.
In the same container, the mixture was mixed with Norland Optical Adhesive 43
(Norland Products) (2:1, w/w) using a vortex. The resulting adhesive mixture was spin
coated (Spincoater model: 1H-D7, Mikasa) on a silicon-coated (CAT-RG catalyst and
KE-106 silicone (Shin-Etsu Chemical), 1:10, w/w) cover slipwith a size of 23mm x 23
mm under the following setting: 3 sec to 500 rpm — 5 sec at 500 rpm — 5 sec to 2000
rpm — 20 sec at 2000 rpm — 5 sec to 0 rpm. The spin coated material was immediately
heated on a hot plate at 100°C for 30 minutes then left to set in room temperature
overnight. The filter film was cut with an Nd: YAG laser (Callisto VL-C30RS-GV, TNS

Systems) to make a grid of 10000x3500 um sheets.
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The cut filter sheet was manually placed over the entire imaging area of the
CMOS chips. The device was baked in a vacuum oven (AVO-250NS, ETTAS) for 2

hours at 120°C and left to cool.

Using a needle, red resist resin (ST-3000L, Fujifilm) was applied on the sides of
the CMOS chip. This resin prevented entry of stray blue LED light through the sides of

the chip.

The CMOS chip and the LED were connected to the circuitry of the FPC with
micro aluminum wires (Tanaka Electronics) using a wire bonder (7400C-79, West
Bond). The wiring was sealed by a protective cover of epoxy resin (low viscosity epoxy

resin Z-1 (N), CraftResin) and left to set overnight.

The processed device was incised off from the excess FPC material with a blade.
The sides at the implantable end of the cut FPC substrate of the device were coated
with a thin layer epoxy (low viscosity epoxy resin Z-1 (N), CraftResin) to cover jagged

edges.

The devices were lined and bound together with a ribbon of Kapton tape and
were enclosed in a parylene coater (PDS 2010, Specialty Coating Systems). They were
coated with 5 grams of bio-protective dichloro-c-cyclophane (GalentisS.r.l.). The

thickness of the parylene deposition layer is about 2.5 pm.
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Figure 3. The needle-type imaging device and its components Partial breakdown of

the device (left), and the placement of its components (right).

b. Modifications to the equipment

The brain targets of concern for the studies are very small, especially so for mice,
with the CeLC measuring at ~1 mm and the DRN at ~1.5 mm long (along the antero-
posterior axis) (Franklin and Paxinos, 2019). Thus, it is very important to optimize
equipment and methodology to ensure the exact facing of the imaging area of the
devices to the targets. This is also important because there is no feasible and practical
way to actually ensure successful targeting during surgery. Also, since animals with
mistaken targeting are removed from the data pool, it also important to be always

accurate in the implantation to prevent wastage of lives and resources.
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One of the advantages of the needle-type device is that it is very thin, reducing
injury and burden on the experimental mice and making it easier to use. Unfortunately,
such feature also allows it to be easily distorted, particularly during the process of the
insertion into the brain. Though brain matter is very soft, jelly-like in consistency, the
device is still too pliable to avoid warping when moving through the layers of the brain,
especially its covering, the meninges. To address this problem, | provided some input
as to reinforce the device structurally while retaining its miniscule dimensions to an

acceptable degree.

The needle-type device was modified to make it more rigid to help it retain it
shape when encountering resistance during implantation (Fig 4). In the initial base
version, the wider portion of the FPC is thicker because it has a reinforcing plate layer
compared to the insertion end, where the imaging and illumination components are. In
the first modification version, the numbers of layers between both segments were
matched. Though it had proved structurally more stable during use, it was deemed too
thick, especially when used with another device with the same modification. In the
second modification version, the reinforcing plate of the insertion end was removed
making it less thick, but still more robust than the basal version. This configuration
demonstrated sufficient rigidity, albeit reduced from the previous version, when used
during implantation. Both versions of the device permitted better accuracy in reaching
the target brain sites, though not perfectly since the slight curvature of the devices
cannot fully be prevented. With everything considered, | settled for the second version

of the modified FPC for use for all the experimental animals in work.
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Figure 4. Modifications to the needle-type device FPC Schematics of the layering of
the FPC structures across the various versions of the basal and the modified FPCs;
lengths of the segments depicted in the cross sections are not to scale and are just for

representation purposes

Another innovative feature of the needle-type devices is the relatively very low

weight when compared to other endoscopy set-ups, providing a much smaller burden
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on the implanted animal. Though, as with other inner-brain imaging methods involving
implants, the actual weight burden include the other components immediately

connected to the device that relay data and provide power.

In our device, the additional weight is significantly provided by the cable that
connects it to the slip ring, which in turn is connected to the power supply and the
recording equipment. To minimize burden, | modified the cable features to remove or
replace components to lessen the weight while ensuring it is durable enough for use in
active animals. The kind of wire used for a previous version of the cable was changed
from a bundle of six thin PTFE wire (Junkosha Inc.) to a single Type 1 Litz wire (New
England Wire Technologies) which is actually a bundle of small uninsulated wires, but of
almost the same diameter as a single of the latter. Though the component wires are
much thinner, it still provided sufficient and consistent connection while still being
structurally sound. The new wire bundle had a much thinner covering making it not as
rigid, so additional protective and lightweight covering was provided. This came in the
form of segmented Kapton tape-scales, and later, a thin wrapping of Parafim M (PM-
996, Pechiney Plastic Packaging) (Fig 5).The reinforcement at the cable end where the
device clamp is located was also changed from layers of heat-wrapped RSFR-H tubing
and electrical tape to a coating of hot glue. Altogether, the modifications reduced the
weight of the cable, even for a bit, which was more impactful when multiple are used at
the same time. Ultimately, the Parafilm-covered wire was chosen to be used for most of

the experiments because of its much lighter device-connection end (0.44 vs 0.63 g).
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Figure 5. Modifications to the connecting cables for the implantable devices
Various cable designs and their device clamps. Left images: Parafilm-wrapped wire with
connection points reinforced with glue. Upper right image: Kapton tape-scale-covered
wire with connection points reinforced with tubing and electrical tape. Lower right image:

wire clamp clasped to a needle-type device.
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3. Animal Handling and the Implantation Method

a. Considerations on double-implantation

The targets of my work are two brain regions involved in pain processing: the
DRN and the CeLC. These regions are very small, so a high degree of implantation
accuracy is required to successfully allow the imaging area of the implanted device to
face the targets. Even small misalignments from the ideal implantation path, in terms of

micrometers, can lead to failure in the very small mouse brain.

All coordinates for the brain region targets were initially derived from the Paxinos
mouse brain map (Franklin and Paxinos, 2019). The coordinate values are the
distances in millimetres from the starting points, namely the bregma, the anterior (front)
intersection of four skull plates, and the mid-dorsal skull suture, the middle intersection
of the side skull plates. These values are the front-back (antero-posterior, from the
bregma) and lateral (medio-lateral, from the mid-dorsal line) distances and depth of

implantation (dorso-ventral, from the surface of the brain).

The coordinates are most applicable for mice with an average weight of 28g.
Because the size of the brain follows the weight of the mouse, the pre-determined

coordinates might not be appropriate with those far from the average.

There is also the issue of some slight incompatibility of using the coordinates
from the reference with stereotaxic devices, equipment used to hold animals during
surgical implantation, of differing settings or calibration. The equipment used by the

reference authors to find the brain region coordinates might be different enough to what
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is available in our facilities. Using the same coordinates with various kinds of
equipment, be it by brand or versions, will most likely lead to significant deviation, which

is unacceptable when very high accuracy is required.

To address the issues with the mouse size variations and the differing equipment
settings, implantation trials were done to determine the actual coordinates of the CeLC
and the DRN. It was expected that the results from these trials would greatly reduce,
and not fully remove, the differences between the expected and the actual location of
the brain regions. All trials were done using wild-type (non-GMO) mice of various sizes,
dummy needle-type devices, and the stereotaxic equipment that were to be used for the
implantation of all experimental animals. When determining the coordinates, the optimal
location and orientation of the CMOS chip imaging area was taken into account. So, the
implantation path was set to be immediately adjacent to the imaging targets and not
through them. The sectioning of the implanted brains and microscopy determined the
success of the implantation. The schematics and images in the Paxinos brain map were

used for cross-reference.

The derived coordinates were only applicable to the specific stereotaxic
equipment used to locate them, so using another set-up will require another round of
trials. They were also most appropriate to the size range of experimental mice, from 20

to around 25 g, with very slight approximated adjustments depending on the size.

As set by the guidelines on the use of the Paxinos brain map, for every
implantation procedure, the points of intersection of the mouse brain sutures, the

bregma and the more posterior lambda, were to be absolutely horizontally aligned to
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ensure accuracy in targeting. The alignment was measured using a modified sterotaxic
manipulator, with its tip fitted with a metallic implement that touches the brain surface to
determine the height as read on the measure along the manipulator's side. The tilt of

the mouse’s snout was adjusted accordingly for the levelling.

Along with accuracy, minimization of damage of vital organs and structures near
the site of implantation is also to be prioritized. This is to prevent any confounding
factors from affecting the pain experiment procedure and also to ensure the welfare and
survival of the animals. Any excessive injury arising from the implantation can
compromise the results and will lead to the rejection of collected data from the affected
animals, thus wasting their lives. The implantation path should be very carefully
considered to avoid brain regions important to physiological functions, larger ventricles,
and major blood vessels. One of the innovative features of the needle-type device is the
ability to implant it an angled manner, giving more options for optimizing of the

implantation path in terms of safety.

In the targeting of the DRN, the implantation path is tilted or angled 25°
posteriorly to avoid an overlying major blood vessel located in between cerebellum and
the posterior margin of the cerebrum (Xiong et al., 2017). This manner of implantation
also prevents the clashing with the device for the DRN during surgery and
experimentation. The angled implantation path was derived using basic trigonometry,
with the original non-angled implantation depth as the triangle base. From there, the
posterior displacement (triangle height) for device insertion and the new, angled

implantation depth (hypotenuse) were calculated.
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Though, blood loss during surgery is unavoidable, avoidance of major blood
vessels can minimize it. In the case that excessive blood loss do occur during the
preparation of the brain for implantation, the blood was continuously washed away with
phosphate buffer saline (PBS) and wicked with sterile wipes until the bleeding subsided.
Allowing blood to remain during the implantation of the devices can lead to the covering
of the imaging area and the intrusion of blood deep into the brain which can lead to

complications, such as brain hemorrhage.

The medio-lateral stereotaxic coordinates for both brain regions were also
carefully considered and adjusted to mostly avoid two large ventricles, part of the
“sewage system” of the brain: the lateral ventricles and the aqueduct (Franklin and
Paxinos, 2008). Inclusions into the ventricles, mostly by blood in the case of
implantation, might lead to the widespread brain inflammation. So, it would be better for
the overall brain health of the implanted mice to leave the ventricles intact as much as

possible.

The double implantation surgery requires more time and steps than a regular
procedure. The longer the surgery takes place, with the interior of the head left
exposed, the more the health of the mouse will be compromised. Also, more tasks
during surgery lend to more chances for error. It was very important to standardize and
optimize the workflow and always maintain the equipment in perfect working condition
to ensure that the procedure was done as fast and properly as possible. Along with that,
more resources were invested for the refinement and practice of the surgical process to

meet the higher standards required.
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b. The stereotaxic methodology

GCaMP6 mice (strain: FVB-Tg(Thyl-GCaMP6)5Shi., provided RIKEN BRC
through the National Bio-Resource Project of the MEXT, Japan (Ohkura et al., 2012)),
around 2 months of old of either sex, were implanted with two of our CMOS-based
imaging devices (Fig. 6A). They were positioned adjacent to the CeLC and the DRN,
both in either the left (formalin test experiment) or right (von Frey — formalin test

experiment) brain hemisphere (Fig. 6B).

The mice were anaesthetized intraperitoneally (IP) with an anaesthetic mixture of
Domitor, Midazolam, and Vetorphale (0.01 mL x bw in grams). Hair was removed from
the top of their heads and the scalp was disinfected with 4% clorhexidine (Hibitane).
They were restrained to a stereotaxic platform (SR-6M, Narishige) using earbars. A

heating pad was provided underneath the animals to stabilize body temperature.

Skin was excised from the dorsal side of the head, just enough to access the
implantation sites. The cranium was exposed by clearing away tissue and washing with
PBS (Fujiflm Wako). After aligning the bregma and lambda, coordinates for the brain
site targets were marked on the cranium (CeLC: AP: -0.8 mm, ML: -3.35 mm (left), DV: -
4.0 mm; DRN: AP: -5.56 mm, ML: -0.35 mm (left), DV: -3.31 mm; all DV coordinates
counted from the dura). All coordinates were determined using the Paxinos Mouse
Brain Atlas (Franklin and Paxinos, 2008) and calibrated in previous trials. Two small
micro-screws were shallowly secured into the cranium, spaced some distance from the

marked sites. These provided additional anchorage for the dental cement used later.
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Small cranial windows of around 1 mm in diameter were created on the targets using a

dental drill (Hypertec Il, Morita) and were cleansed of debris and blood with PBS.

The implants were clamped and aligned to stereotaxic manipulators (SM-15M,
Narishige) and gently wiped with 70% ethanol (Fuijifilm Wako) using cotton swabs and
were secured. The manipulators were attached to the stereotaxic device rails and
positioned properly. The devices were slowly lowered through the skull windows via the
manipulator adjustment knobs, with the CMOS chip facing medially towards the target,
up to the assigned depth. For the DRN, the path of implantation was angled as
previously described (Fig. 5b). At this point, the manipulators were strictly prevented

from further adjustments to maintain the proper implantation positions.

Once the targets were reached, the cranial windows were sealed with silicone
elastomer (Kwik-Cast). Dental cement (Super-Bond kit, Sun Medical) was deposited
around the manipulator-held devices and over the exposed skull and the surrounding
incised skin, providing a protective seal. It was made sure that enough cement was
used around and along the devices to provide strong structural support during the
experiment proper wherein they will pulled by the movement of the mice. After the
cement had set thoroughly, sufficiently holding the devices at the correct positions, the

manipulator clamps were removed and the unconscious mouse was released.

The mouse was IP injected with Antisedan (0.01 mL x bw in grams) to reverse
the effects of anaesthesia and was allowed to recuperate for at least 12 hours in a

heated enclosure.
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At the end of every experiment, the mice were sacrificed with an overdose IP
injection of sodium pentobarbital (Somnopentyl, ~0.2 mL, KS Medical). They were
perfused with a tubing pump (TP-10SA, AS ONE) with normal saline (Otsuka) and then
4% formaldehyde (Fujiflm Wako). Their brains were extracted and stored in 4%
formalin overnight. Coronal sections of the brains (100 um) were prepared using a
vibratome (Linear Slicer PRO7, Dosaka) and were used to confirm successful targeting

of the brain sites (Fig. 6C). Data from animals with unsuccessful implantations were

disregarded.
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1000 pm

1000 pm

Figure 6. The implanted mouse and the paths of the implants to their targets. (A)
Left and Middle: A mouse that has just underwent double-implantation, under
anesthesia. Note the differing angles of the implanted devices; Right: Implanted devices

attached to cables used for supplying power and collecting calcium-signaling
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fluorescence data. (B) Paths of implantation through the brain. The cross (x) indicates
the location of a large superficial transverse blood vessel on the brain’s surface.(C)
Coronal sections depicting lesions from implantations and the loci of the brain site
targets. Lesions do not reach the dorsal brain surface because the sectioning and the
implantation planes are not parallel, more so for the DRN targeting. Upper Left: AP: -
1.58 mm, 25x; Upper Right: Zoomed in section from rectangle in upper left image,
dashed line approximates the perimeter of the central amygdala (CeA), 45x; Lower Left:
AP: -4.36 mm, 25x; Lower Right: Zoomed in section from rectangle in lower left image,
dashed line approximates the perimeter of the DRN (dorsal, ventral, and lateral

subsections), 45x.
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4. Application on the Standard Formalin Test

a. Methodology

The Formalin Test

A modified formalin test was done with the aim of recording brain activity during
pain perception, indicated by fluorescence from calcium signaling due to neuronal
action potentials. Behavior attributed to pain perception, such as licking, was used to

confirm the most likely source of the fluorescence imaging data (Fig. 7A).

The whole recording procedure was done within a darkened canvas tent. This is
to prevent the interference of light from sources such as illumination lamps for animal
handling, interior overhead lighting, and sunlight passing through windows. Light from
such sources are of high enough intensity to permeate the very thin skull, and overlying
layers, of the experimental mouse. Such light can still be detected by the implanted
devices due to the high sensitivity of the CMOS imaging chip. The orbit and the frontal
cranial bone are especially exposed to light penetration. Though the parietal cranium

bone is covered with reinforcing dental cement, the cement itself is translucent

Implanted mice were anaesthetized with isoflurane (Fujifilm Wako) using an
isoflurane pump (410 Anaesthesia Unit, Univentor). The implants were then connected
to cables that were then connected to a slip ring. The rotating slip ring prevented
entanglement of the cable pair and served as a bridge between the implants and the
power sources (6146 DC Voltage Current Source, ADCMT) and collecting equipment

(custom-made, NAIST).

28



After securing the connections, the mice were kept in an observation enclosure
and monitored with a webcam (CMS-V37BK, Sanwa Supply). lllumination was under
blue-light that was blocked by the blue-light filter and the red resist coating of the
device. Their brain activity and behavior were recorded on a personal computer using
specialized custom-made software (CIS_NAIST) and a webcam software (Bandicam)
(Fig. 7B) for a minimum of 10 minutes to serve as a baseline. Afterwards, they were
subcutaneously injected using a 30G needle with either 20uL 2% paraformaldehyde-
PBS (Fujifilm Wako) (“Formalin” group (n=3)) or PBS (Fujiflm Wako) (“PBS” group
(n=3)) at the plantar side of the right hind-paw, contralateral to the side of the
implantations. Brain activity and behavior were recorded for a minimum of an hour. For
the duration of the experiment, experimenters vacated the tent to prevent affecting

behavior.

At the end of every experiment, the mice were sacrificed with an overdose IP
injection of sodium pentobarbital (Somnopentyl, ~0.2 mL, KS Medical). They were
perfused with a tubing pump (TP-10SA, AS ONE) with normal saline (Otsuka) and then
4% formaldehyde (Fujiflm Wako). Their brains were extracted and stored in 4%
formalin overnight. Coronal sections of the brains (100 um) were prepared using a
vibratome (Linear Slicer PRO7, Dosaka) and were used to confirm successful targeting
of the brain sites (Fig. 6C). Data from animals with unsuccessful implantations were

disregarded.
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Figure 7. Formalin test with brain activity imaging. (A) The experimental design of
the modified formalin test. (B) Left: Screenshot of the computer monitor during a
formalin test. On the screen is the CIS_NAIST software that displays the windows (40 x
120 pixels, 300 x 9000 pm) for raw, processed, and reference frames of real-time video
data, in pairs from left to right. The left of the pair is the fluorescence image from the
CeLC, and the right of the pair is from the DRN. Also displayed are the fluorescence
level traces at the bottom and frame number information at the middle right. The
overlying the CIS_NAIST software window is the video feed of the mouse behavior from

30



the webcam; Right: A sample of a processed image of the CeLC with discernible

fluorescent structures. Heatmap values are voltage values that represent AF.
Data Processing

Behavior recorded by the webcam was reviewed and pain-related behaviors
were taken note of, specifically the licking of the injected site. Behavior was quantified
by tallying the amounts of pain-induced licks on the affected paw per 2.5 minutes blocks
within the 1-hour observation period. The results were graphed as a number of licks per

time block.

Imaging data was acquired using CIS_NAIST, and saved as RAW files. The data
was extracted from the files and analyzed using MATLAB (MathWorks). Custom made
codes were written in order to process and visualize the data. For processing, the data
was first stored as a 3-dimensional matrix (2D spatial pixel array across time), then
separated into two for the CeLC and the DRN data. Afterwards, the period of injection
was determined from webcam recordings, and also by looking at the offset frames in the

averaged data set.

Removal of hum noise was performed by making a column vector containing the
average values of each row in the pixel array. The average value of that was computed
and subtracted to each element of the column vector. The resulting vector was
subtracted to each column in the pixel array. This was done in each frame. That is,
given a pixel reading F;(x,y) at frame t, where x = 1:n,, y = 1:n,, the following steps

are performed for each t:
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1. Form the column vector Xx;, where ft(y)zniZ?;‘lFt(i,y) for each
y

y=1Lln,.
2. Calculate F, = %2711 % ().
3. Form the column vector h,, where h,(y) = F, — x;(y).

4, The new reading F; (x, y) is then given by F;(x,y) = F.(x,y) — h.(y).

The data was normalized (AF/Fy) by getting the average of the frames before

injection as the baseline. That is, given F,(x,y), the baseline F, is given by Fy(x,y) =

:—*Zill F.(x,y), where t* is the frame number before injection. The normalized pixel

reading F{ (x,y) is then given by F; = i—F = Ft;F", where F(x,y) =
0 0

F(xy)—FoCoy)
Fo(x)y)

Based on a previously published study (Takehara et al., 2016), the approximate
size of neurons was computed and the regions of interest (ROIs) were selected
accordingly. Specifically, it was assumed that the maximum distance between a visible
ROl and image sensor surface was 100 um, and therefore; the full-width at half-
maximum (FWHM) would increase 3-4 times compared to a distance of 0 um. Given the
soma and device pixel sizes (8-9 um and 7.5 ym respectively) and the 4 times increase
in soma size due to the distance from image sensor, then the ROl was computed to be
around 6x6 pixels. Regions that seemed like neurons based on fluorescent activity were
selected as ROIls for further analysis. The average of each ROl was plotted and
compared against background values outside the ROIs. A scale bar representing 5%

change from baseline was generated. A color plot showing the intensity of each pixel in
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a frame was graphed to visualize the ROIs. The behavioral data was aligned with the

calcium imaging data to see their relationship.

Afterward, the first-differenced calcium traces in each ROl were cross-correlated
or auto-correlated. First-difference was applied to ensure stationarity of the data. That
is, given a calcium trace reading z, at time t, the first-differenced calcium trace Az, at
time t is Az, = z,,1 — z, . First-differencing was implemented using diff() function of
MATLAB. Cross-correlation between CeLC and DRN ROIs was calculated by shifting
the DRN data across time. That is, given the CeLC calcium trace reading x, at time t
and the DRN calcium trace reading y, at time t, the non-normalized cross-correlation

coefficient R at lag m is given by

T—m

XtYeem m =0
Rx,y(m)= z tVt—m ]

t=1

R,,(-m) m<0
The (normalized) cross-correlation p at lag m is then given by p,,(m) =
1

/Rx,x (0)Ry , (0)

correlation at lag m for x, and y,, respectively. The DRN time lag with the highest

R,,(m). Here, R, ,(m) and R, ,,(m) represents the non-normalized auto-

correlation with CeLC m* = argmax,, p,,, (m) was recorded as the best time lag.Cross-

correlation analysis was implemented using xcorr() function of MATLAB.The three
ROIs from CeLC and three ROIs from DRN were cross-correlated as follows: CeLC vs
DRN, CelLC vs CelLC, and DRN vs DRN. Therefore, a total of 27 cross-correlations

were analyzed per mouse.

33



To measure the relationship between brain imaging and behavior, the mutual
information coefficient (MI) between these variables was computed. Basically, the
mutual information coefficient (Cover and Thomas, 2006) between two (discrete)

random variables X and Y is given by

. — pX,Y(x'y)
I(X;Y) = Z z pxy(x,y)log (m)

x€EX yeY

Similarly, if X,Y are continuous, then the summation is replaced with integration.
However, since brain imaging is a continuous random variable, while the behavior is
discrete, Ml was measured using an adapted method (Ross, 2014). Ml was computed
using discrete_continuous_info_fast() function of (Ross, 2014). Since the imaging
data was a continuous real-valued dataset, it was binned and averaged across the
same 2.5 mins window of the behavioral data. This enabled the measurement of mutual
information between continuous imaging data and discrete behavioral data, where a

higher value indicates more dependence between the two.

Finally, statistical analysis was done using MATLAB. Non-parametric tests were
performed: Kruskal-Wallis test for the cross- and auto-correlation analysisand non-
parametric two-way ANOVA (Friedman’s test) for the brain calcium imaging and licking
behavior relationship analysis were performed. P-values less than 0.05 were considered
significant. Boxplots with median and interquartile range were graphed also using

MATLAB.

Implanted Brain Temperature Measurement
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To determine if the activation of LEDs can lead to brain injury and compromise
the experiment, the inner-brain temperature, in Celsius, of an implanted mouse was
measured during activation of the blue-light micro-LED at 0.5 mA. Two thermocouples
(Cu/constantan (Type T) thermocouple, Muromachi Kikai Co., Ltd., Tokyo, Japan) were
attached to needle-type devices with Parafiim M (PM-996, Pechiney Plastic Packaging).
One thermocouple terminal was located by the LED and another at the device’s
insertion tip, serving as a reference site away from the LED. The thermocouples were
connected to a digital compact microcomputer thermometer (BAT 700 1H, Physitemp

Instruments LLC).

Mice were anaesthetized and implantations were done into the DRN of one
mouse and the CeLC of another as previously described, but with some differences.
After implantation, elastomer sealant was not used as a protective cover. Instead, PBS-
moistened pieces of Kimwipe were applied on the exposed region surrounding the
implant and were held in place with Parafim. The animal’'s body temperature was
allowed to stabilize. Temperature was recorded for 5 minutes before LED activation, for

an hour during activation, and for 5 minutes afterwards.

Videos of the brain fluorescence activity were collected using CIS_NAIST and
screen recordings of the working computer. Images of the fluorescence in the CeLC and
the DRN were extracted from the time immediately after the injection of the substance
and every 10 minutes thereafter, until the end of the 1-hour observation period. The
clearest calcium imaging result was selected as a representative example of each

sampling group.

35



b. Results

Calcium Fluorescence Imaging

No notable complications on the welfare of the experimental mice were
encountered during the duration of the study. Implantation surgery was accomplished
without issues and all the mice recuperated fully the following day. No signs of distress
that may have come from the implantation were observed. Furthermore, there were no
indications of encumbrance of the head. Post mortem weighing of the cement-bound
dual implants, excluding the parietal portion of the cranium, gave an average weight of
0.474 g (n=5). The only signs of discomfort were the pain-related behavior and
inflammation reaction of the Formalin group mice after injection and the slight agitation

immediately resulting from animal handling.
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Figure 8. Brain activity fluorescence immediately after injection of formaldehyde
or PBS. Neuronal fluorescence from the replicates that demonstrated detectable and
distinct signals are presented. Time shown refer to the minutes that has passed after
injection of the assigned substance. For all image pairs, CeLC is on the left and the

DRN is on the right. Heatmap values are voltage values that represent AF.

Images of the calcium signaling from representative examples were chosen (Fig.
8). The top right corner of the DRN in the Formalin group had an increasing intensity
throughout the time course, from the 20-minute mark onward, with distinct and
prominent fluorescence. The CeLC of the same group, particularly the lower-left of the

imaging area, initially displayed some fluorescence that gradually lessened over time.
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On the other hand, the PBS group had more uniform and constant images across

time. Slight changes in overall fluorescence can still be seen, such as a brighter DRN

and CelLC at the 30-minute mark. The changes are quite difficult to spot by eye alone.

Therefore, a more quantitative approach was taken.
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Figure 9. Calcium imaging and behavioral analysis across multiple mice. Brain

calcium imaging and behavioral analysis of Formalin- and PBS-injected mice. The

yellow highlight marks the injection period. The blue line graphs show calcium



measurements of the CeLC across multiple mice, while the red line graphs show
calcium measurements of the DRN. At the bottom are the behavioral results for the
average number of licks per 2.5 mins time block among Formalin mice (n=4) and PBS

mice (n=3).

To better visualize changes in CeLC and DRN fluorescence activity, the whole
frame average across time was computed in all mice (Fig. 9, top and middle). The
sudden increase in fluorescence right after injection in the Formalin group can be an
indicator of acute pain. In addition, the paw-licking behavior of the mice was also
measured simultaneously (Fig. 9, bottom). Based on the AF/Fyscale bar, the Formalin
group generally had higher amplitudes than the PBS group. For example, Formalin
Mouse 2 displayed higher fluorescence values compared to PBS Mouse 2 in the CeLC.
Furthermore, Formalin Mouse 1 had higher fluorescence intensities than PBS Mouse 1
in the DRN. In addition, the Formalin group had higher frequency of fluorescent peaks
for both brain sites. This was most apparent for Mouse 2 and 3 for CeLC and Mouse 1
for DRN. Conversely, the PBS group had graphs that are comparatively flatter. Since
this was a proof-of-concept to show that the dual-implantable device works, more
mouse samples and further analysis can be done to quantify the difference in

amplitudes and frequencies between both groups.

Pain-related behavior was observed from all the mice of the Formalin group, as
reflected by the average number of licks. A high number of licks was seen in the initial

minutes after injection. The licking behavior then subsided after 10 mins. Then, after 30
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mins licking behavior started to increase again. This bi-phasic response may
correspond to the acute and inflammatory phase of formalin injection, as will be
discussed later. Interestingly, peaks in licking behavior also corresponded to higher
fluorescence activity in the CeLC and DRN. On the other hand, the PBS mice displayed
very little hindpaw-licking behavior, if any at all. Because of the very small behavior

count for this group, the average all throughout is very close to zero.
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Figure 10. Calcium traces of specific regions of interest (ROIs). Calcium
measurement of Formalin-injected mouse and PBS-injected mouse. The ROIs measure
at around 6 x 6 px. The yellow bar on the line graph marks the injection period. The blue
line graphs show measurements in the CelLC, while the red line graphs show
measurements of the DRN. The background values (BG) are the average of all the
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pixels outside the ROIs. Beside the line graphs are images of sample frames where

ROls are enclosed in black or red boxes.

Another two mice were selected as representatives, one per sampling group, to
visualize analysis of multiple regions of interests (ROIs) (Fig. 10). Slight differences in
timing and intensity of fluorescence can be seen in ROIs of the same brain region. For
instance, in the Formalin-injected mouse, DRN ROI2 displayed more fluorescence
activity than DRN ROI1 at the 20-minute mark. It is also observable that the ROIls of the
DRN have higher and more distinct spikes than the background. Furthermore, ROI 1
and 2 of the CeLC had higher fluorescence amplitudes than ROI 3. However, CeLC ROI

3 still had higher fluorescence than the CeLC background values.

On the other hand, the PBS-injected mouse had ROI values that are relatively
similar with the background. Similar to Figure 5, the PBS mouse had a more constant
fluorescent activity where its peaks do not deviate too far from the average noise value.
The peaks of the Formalin-injected ROIs were more distinct and had higher amplitudes

compared to its baseline level before injection.
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Figure 11. Cross-correlation analysis of two representative mice. Top: Formalin-
injected mouse; bottom: PBS-injected mouse. The figure shows the cross-correlation of
the first-difference of CeLC fluorescence imaging data with DRN data. The correlation
between CeLC and time-shifted DRN (across varying lags) is measured. Peaks indicate
high cross-correlation at that specific shift or time lag of the DRN data. The time lag with

the highest cross-correlation coefficient (p) is indicated at the top of each graph.

The relationship between each ROI was explored. The small size and large field
of view of the device made it possible to measure cross-correlation of multiple ROls
within and between the CeLC and DRN. First, cross-correlation analysis of the
Formalin-injected mouse showed distinct and clear peaks mostly at time lag 0, meaning
there was no almost no delay in the timing of their firing or activation (Fig. 11). This is
indicated by the narrowness of the graphs. The only exception was the cross-correlation
between CeLC ROI 1 and the DRN ROI 1. The data indicated that when the first-
differenced DRN data is shifted 1 frame back, then the correlation with first-differenced
CeLC data increases. This means that when the CeLC fluorescence increases, there is
a positive correlation that the DRN fluorescence will also increase after 0.094 s.
However, this was only true for one ROI of the CeLC. The other two ROIs of the CeLC
showed a definite peak at O time lag, which indicated that the cross-correlation was

highest at O s delay.

In contrast, the PBS-injected mouse had less clear and less distinct cross-

correlation peaks. It can be seen that most of the cross-correlation graphs are broader,
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especially for DRN ROI 2. Furthermore, the best time lag is less consistent among the

ROIs, with one pair having the highest cross-correlation at 6 frames (0.562 s) and two

pairs of ROIs at 5 frames (0.468 s). This may indicate less synchronization between

CelLC and DRN neuronal firing in PBS-injected mouse.
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Figure 12. Cross- and auto-correlation analysis in all mice. (A) Heatmap showing
time lags with the highest cross-correlation coefficients. ROIs from CeLC and ROIs from
DRN in each mouse were cross-correlated. The values written indicate the time lag of
first-differenced DRN data in frame number that showed the highest cross-correlation
with the original unshifted first-differenced CeLC data. No value means the best lag was
at 0. The color indicates the cross-correlation coefficient (p) from low (blue) to high
(yellow) in absolute values. (B) Box plot of the number of frame lags that were above 1
in both treatment groups. Kruskal-Wallis test was performed and a significant difference

was computed (**p = 0.00773, a = 0.05).

To provide more insight and see if the results are consistent, the cross-
correlation of ROIs in each mouse was analyzed (Fig. 12). Majority of the peak cross-
correlations in the ROI crossings in the Formalin group mice was at time lag 0O, indicated
in the boxplot matrices as empty cells (Fig. 12A). However, it can be observed that PBS
mice had several non-zero and non-one time lags. For example, PBS Mouse 1 had a
high cross-correlation (p = 0.69) at -8 frames when analyzing between its CeLC ROI 1
and DRN ROI 2. Then its CeLC ROI 2 and DRN ROI 2 had the best lag at +3 frames.
Furthermore, even within the DRN, there was a high cross-correlation at 8, 15, and 4
frame lags for PBS Mouse 1, 2, and 3 respectively. On the other hand, more cross-
correlations at time lag O can be seen in Formalin-injected mice. For instance, when
comparing within the same brain region (ie. CeLC vs CeLC or DRN vs DRN) all ROIs

displayed a best time lag of 0, with the exception of DRN ROI 2 and 3 of Formalin
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Mouse 2. Taken together, this may indicate less synchronization within the DRN of

PBS-injected mice.

To compare the difference between the number of frame lags higher than 1 for
each mouse group, a two-tailed unpaired t-test was performed. The number of frame
lags higher than 1 was statistically higher in the PBS group compared to the Formalin
group (p = 0.00773, Unpaired t-test). This confirmed the hypothesis that PBS-injected
mice had a higher number of ROIs that were not as synchronized compared to the

Formalin-injected mice.
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Figure 13. Relationship between brain calcium imaging and licking
behavior. Relationship between brain calcium imaging and licking behavior. (A) Plot of
mutual information between imaging and behavior. Blue circles indicate ROIs from
CeLC, while red crosses indicate ROIs from DRN. (B) Box plot of the mutual information
(MI) when ROIs in each mouse were averaged. PBS mice showed almost 0 MI with
behavior, while Formalin mice showed higher Ml values. Non-parametric two-way
ANOVA showed significant difference between Formalin and PBS groups (p < 0.05, a =

0.05), but no significant difference between CeLC and DRN within each group.

Finally, to measure the relationship between the brain calcium imaging data and
licking behavior of mice, we calculated their mutual information (MI). The MI between
calcium imaging of PBS mice and their licking behavior is close to 0, showing almost no
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relationship. On the other hand, the Formalin mice displayed higher MI levels across
different ROIs and brain areas (Fig. 13A).This was further confirmed using two-way
ANOVA, wherein the Formalin group was significantly different compared to the PBS
group (p < 0.05). However, no difference was detected between CeLC and DRN within

each group.

By using this MI metric, the capability of the dual-implantable device to correlate
brain activity and behavior was demonstrated. This showed the potential of the device

for use in further experiments and analysis.

Temperature Recordings

364

-©- By LED - DRN

- -# At Device Tip - DRN
%)
< - -4~ By LED - CelLC
o ' io -
g :i v -~ At Device Tip - CeLC
(13
o
O
-

30 L) ) L] ) 1

0 10 20 30 40 50 60 70 80
Time (minutes)

Figure 14. Recorded change of DRN and CeLC temperatures during implantation.
Temperature readings were done in the vicinity of the implanted devices, specifically by
the LED and at the device insertion tip. Thin vertical lines in the graph indicate start and

end points of LED activation time.
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Temperature readings in a double-implanted mouse indicated a very small
increase in deep brain tissue temperature during activation of the blue-light micro-LED
(Fig. 14). At most, there was 0.5°C increase in the portion of the DRN next to the LED.
The results also show that proximity to the LED does not necessarily lead to a higher

tissue temperature.

c. Discussion

It has been demonstrated that the use of our device in a double-implantation set-
up is feasible and will not introduce complications that can affect animal welfare. All
trials proceeded successfully with no mice displaying signs of excessive distress or
injury from the implantation. Additionally, internal or core brain temperature of the
implanted mice are well within the normal physiological levels of rodents, with the
maximum limit at around 38°C (Yarmolenko et al., 2011; Mei et al., 2018). This is true
whether the LED was activated or not. Along with the very minute increase in
temperature during LED activation, temperature-related necrosis can be said to have
not occurred. The relatively low internal body temperature can be attributed to the
sleeping state of the recorded mouse (Sela et al., 2021). With the devices’ viability and
novel features, many methodology changes can be explored. It is important to note that
these statements are only applicable to short-term set-ups, those lasting for a few days

per run. Nevertheless, the use of the device is still very safe for many methods.

The qualitative (Fig. 8) and the quantified averaged whole-frame calcium imaging

results (Fig. 9) have shown that there are perceivable differences in the fluorescence
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levels between the Formalin-injected and the PBS-injected group. The increase in
signaling of the former group can be attributed to nociception itself. The higher
fluorescence signal intensity of the Formalin group clearly corresponds to the elevated
averaged levels of pain-related behavior (amount of injected paw licking/tending per 2.5
minutes) which is the indicator of pain sensation. It is to be interpreted that the higher

the frequency of the licking, the more intense is the pain being experienced.

The formalin test is a method that can induce a bi-phasic response to pain: an
early acute phase (0-5 minutes post injection) and a later tonic or inflammatory phase.
The acute phase pain comes from the tissue damage from the injected formaldehyde
and the tonic phase pain is from the response of the immunity system to said damage.
The latter phase seems to occur around 15 minutes (Hunskaar et al., 1985; Hunskaar
and Hole, 1987; Shibata et al.,, 1989; Rosland et al., 1990) until 60 minutes post
injection (Manning and Mayer, 1995a). This is also dependent on the effects of
environmental temperature on the potency of inflammation (Rosland, 1991; Tjglsen et
al., 1992). The vast range of the timing is reflected in the flattened second peak in the
averaged behavior data of the Formalin group (Fig. 9, bottom). Nevertheless, the
biphasic pain response is still clearly observable in the intensity peaks of the whole-
frame fluorescence graph and especially in the behavior response tally of the Formalin
group (Fig, 9, left side). The peaks of both data sets can also be matched in terms of
timing, further supporting that they do actually represent the same thing, the presence

of pain.

Though the trend is not wholly consistent among mice, there are discernible and
distinct patterns and shapes that can still be observed using our new device. In the
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images, these fluorescent forms or shapes can be distinguished with varying degrees of
effort, especially in that of the DRN of the Formalin group. This determination of
separate and distinct forms is the basis of ROI selection from the data collected by the
CMOS-based device. These forms are surely not individual neurons. They are much
larger than the widest span (9 — 10 ym) of an average soma of neurons found in the
selected sites. Light scattering through the tissue cannot be discounted as contributing
to the size of the forms as seen on the images, but their effects are assumed to be
minimal (Takehara et al., 2016). They are possibly neuronal clusters or ganglia and not
glial cells because of the nature of GFP expression in GCaMP6 mice. The actual
identity of these fluorescent forms is hard to ascertain because of the low resolution.
This is an unavoidable limitation in the use of the CMOS imaging chip that is without a
lensing or focusing material. Thus, it can be concluded that the 6 x 6 px ROIs used in
the correlation analyses most likely contains a multitude of neurons and the
fluorescence recorded within that ROI is the collective firing of said neurons.The CeLC
is a major component of the pain matrix. It has context-specific paradoxical roles of
promoting hypoalgesia (Manning and Mayer, 1995a, 1995b; Kang et al., 1998; Finn et
al.,, 2003; Sabetkasaei et al., 2007; Yu et al., 2007; Veinante et al., 2013) and
hyperalgesia. Hyperalgesia is accomplished during inflammation (Carrasquillo and
Gereau, 2007; Veinante et al., 2013). Meanwhile, the DRN has also been shown to
have an inflammation-specific antinociceptive function (Palazzo et al., 2004; Cucchiaro
et al., 2005). Their inflammation-induced activation and the slightly variable tonic phase
timing might explain the persistent activity spikes of both sites in the Formalin group.

This is reflective of the flattened, prolonged second peak, representing the tonic phase,
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in the Formalin group’s behavior data. This does not apply to the first distinct peak of
the acute phase. Even if both the fluorescence and the behavior data are indicators of
pain perception, the two data sets may not be total complements to each other because
of the complex effects of formalin-induced nociception. Even so, together they still

provide a holistic portrait for visualizing pain.

The qualitative visual data of the ROIls also echoes the results of the behavior
analysis. The images of both brain sites, more so the DRN, of the Formalin group
display ROIs of higher fluorescence intensity compared to the PBS group. The
difference becomes less apparent, especially for the CeLC in the latter half of the
observation period. The CeLC was expected to fluoresce more prominently, following its
central role in modulating pain perception. This weak response to pain stimulation can
be attributed to the lateralization of the CeLCs of the two hemispheres. The right CeLC
has been observed to be more responsive to nociception to a greater degree (Ji and
Neugebauer, 2009; Allen et al., 2021), though this does not mean that the left CeLC is
fully inactive (Allen et al., 2021). The descending architecture of the CelLCs are
ipsilateral, especially the left one (Manning, 1998; Ji and Neugebauer, 2009). Since the
study investigated the left brain hemisphere and induced pain contralaterally, the
resulting calcium signaling could not have been strong. The fact that the devices have
still detected pain-based trends in fluorescence between the two groups demonstrates

its sensitivity.

In the quantification and graphing of calcium imaging of the PBS group ROIs,
there are high frequency, but lower intensity, traces. It is apparent in the images for this
group that there is a high amount of signal noise that could have contributed into this.
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Because of the method of deriving the final fluorescent values of the ROIs from the
deviation from the background signals, including the noise, it is of great concern that the
noise values were not sufficiently subtracted or removed. This suggests that a more
thorough spatial filtration method is required, applicable to ROIs, to smoothen the
signals graph further to an acceptable degree. Even though the data as is was sufficient
enough to demonstrate differences in the ROI imaging values between the sampling

groups, further processing can demonstrate the trend more clearly.

Cross-correlation analysis showed that the Formalin-injected mice had more max
cross-correlations at time lag 0.The closer it is to zero, the less there is a timing delay in
the firing of the ROIs, and the more synchronized are their activity. Though some ROIs
displayed best lags at 1 or 2 frames, most other ROIs showed more synchronous
activity. In contrast, the PBS-injected mice had more varying frame lags with several
values higher than 1 frame delay/advance. The analysis indicated that there may be
more asynchronous firing between CeLC and DRN neuronal firing in PBS-injected mice
unlike the Formalin-injected mice. This suggests a coupling mechanism between or
within the CeLC and the DRN during pain processing. The same mechanism is present
in the adjacent cells of the dorsal root ganglion (DRG), a downstream neural pathway of
the CeLC and the DRN, during inflammation and nerve damage (Kim et al., 2016). This

synchronization was less apparent in naive mice not exposed to pain.

Additionally, the highly variable time lag values of the cross-correlation
coefficients of the ROIs portray a heterogenous population of neurons of differing roles
in pain perception. For instance, the central amygdala can increase or decrease pain-

related behavior depending on the cell type. Cells expressing protein kinase C-delta
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played a role in sensitization to nerve injury and increased pain response, while cells
expressing somatostatin were inhibited and drove anti-pain behavior (Wilson et al.,
2019). Furthermore, adjacent DRN 5-HT neurons are closely coupled and
synchronized; however, non-adjacent 5-HT neurons are not. Also, there is a difference
in the auto-correlograms of serotenergic and non-serotnergic neurons in the DRN,
where non-5-HT cells are more irregular while 5-HT cells are more periodic (Wang and
Aghajanian, 1982). Our analysis demonstrates such heterogenous interactions and
behavior as well because ROIs within the same brain region, particularly the DRN of
PBS mice, showed varying cross-correlograms. In addition, cross-correlation between
CeLC and DRN ROIs had different time lags even if the mice were in the same

treatment group.

The large gap in the tallied pain-based licking behavior of the groups confirms
the successful execution of the formalin test, with the PBS group displaying none. This
is reflected in the difference in calcium signaling between the Formalin and the PBS
groups, though the peaks of the behavior tally graph and the fluorescence graph do not
match after the initial phase. So, even though PBS Mouse 2 demonstrated relatively
high CeLC brain activity, it is not indicative of any pain processing, based on behavior.
This is further supported by and elucidated in the MI analysis between behavior and

calcium signaling result.

Ml is the amount of shared information between the two data, and shows how
related they are with each other. A value of O indicates that the two data are
independent. MI has several advantages such as being unbiased to the sample size,

being model independent, being unrestricted to the data type, being able to detect linear
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and non-linear interactions, and being multivariate (Ross, 2014; Timme and Lapish,
2018). This metric is a dependable measure to support the assumption that the brain-
activity fluorescence data is reflective of the pain-expression behavior data. The
analysis showed that the MI between calcium imaging of PBS mice and their licking
behavior is close to 0. This means that the imaging data is almost not related to any
behavior in the PBS-injected mice. The detected brain activity in the PBS group mice is
very likely not of pain perception. In contrast, the Formalin mice displayed significantly
higher Ml levels. Because the MI value is well above zero, it can be soundly claimed in
this group that a relationship does exist between fluorescence and behavior. The
variable Ml values for the DRN and the CeLC, showing no trend, means that the neither
of the brain regions’ activity corresponds more to the expression of pain. They are most
likely both relevant to pain processing, though to different degrees, as apparent in the
higher calcium imaging intensities for the Formalin group brains. Though, even if a
miniscule MI value was computed from the data sets of the PBS-injected mice, since
there was no tallied pain-related behavior it can be argued that the MI analysis is very
weak and should be invalidated. If taken this way, it will also make the MI statistical
analysis of the two groups invalid. Even so, the average MI coefficient for the Formalin
group alone is still relevant. The non-zero MI reinforces the assumptions that the
calcium imaging of this group is related to the pain-indicating behavior and that the
imaging is a direct representation of pain processing. Overall, data analysis
demonstrated that this significant gap in Mls between groups is indicative of the
correlation between elevated calcium imaging in pain processing regions and increased

expression of pain-based behavior.
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Previous in vivo investigations on the mechanisms of pain, using calcium
imaging, have mostly been done on the spinal cord level, as a necessity for less
injurious methods of visualizing neural activity (Anderson et al., 2018; Miller et al., 2018;
Xu and Dong, 2019) (Anderson et al., 2018; Miller et al., 2018; Xu and Dong, 2019). Our
study is one of the first attempts to simultaneously image pain processing at two
relevant brain regions in vivo, addressing the need for multi-site visualization for neuron-

network studies (de Melo Reis et al., 2020).

d. Summary

A standard pain experiment, the formalin test, was modified and executed with
transgenic GCaMP6 mice double-implanted with the CMOS-based calcium signaling
fluorescence imaging implant. The imaging targets are two brain regions involved with
pain processing: the CeLC and the DRN. The feasibility of the method was gauged with
two considerations. The first is that no injury, excessive burden, and additional pain
should derive from the double-implantation process. The second is that the
fluorescence signals collected should correspond to the established results of the test

and the pain-related behavior exhibited by the mice.

Monitoring of the experimental animals have shown that the double-implantation
method did not cause any physiological conditions that might hamper with the
procedure of the pain experiments. The mice’s movement and behavior was
unrestrained by any excessive weight or pain. There were no intense temperatures

recorded inside the mouse brain with activated devices.
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The collected fluorescence data has shown a significant difference between pain-
induced and the control group. This is further corroborated by data analysis and the
matching with quantified behavior. The bi-phasic pain response was also reflected in the

brain reading data.

The experiment has shown that the use of the devices in a double-implantation
set-up as applied in a well established pain experiment is very possible and with
minimal risk. The findings have established that there is much potential in other
applications in the use of the CMOS-based needle type devices, especially in studies as

sensitive as those involving pain perception and processing.
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5. Application on the Modified von Frey — Formalin Test

a. Methodology

Further methods on the usage of the CMOS-based needle-type fluorescence
imaging device was explored with a hybrid of two tests: the von Frey tactile sensitivity
test and the previously executed formalin pain test. This combined method will from
here on be referred to as the von Frey — formalin test. The von Frey — formalin test is a
method that investigates hyperalgesia, the heightened sensitivity to tactile stimulus, or
simply touch, arising from persistent pain. In this method’s case, the pain utilized will be

inflammatory, from the latter/tonic phase of the formalin test.

As established in my previous work, fluorescence signals in the pain-processing
brain regions of GCaMP6 transgenic mice are an indicator of the process of nociception
or the downstream processes deriving from it. In this work, it was my aim to determine if
hyperalgesia can also be reliably determined with fluorescence signals collected by our
devices using the same set-up as previous, but modified to accommodate the tactile
stimulation process. If proven so, it would demonstrate flexibility in the manner of the

usage of the devices and the potential of the device for use in other related methods.

The experiment proceeds very similarly as the previously described modified
formalin test, but with additional steps and alterations to the set-up and the formalin and
PBS administration site (Fig. 15A). The most prominent changes in the equipment used
are with the enclosure and surface holding the experimental animal. During the
experiment, the mouse is enclosed in an acrylic cylinder with covered sides with a

diameter small enough to prevent pacing. Movement must be limited to make the tactile
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stimulation process easier to perform. Throughout the procedure, the enclosed mouse
rests upon a raised PVC-tube platform with a plastic mesh floor. The gauge of the mesh
is enough to support the mouse comfortably, but with openings wide enough to allow for
tactile stimulation with von Frey filaments or aesthesiometers (Aesthesio Von Frey
Filament Set, BIOSEB Lab Instruments) (Fig. 15B). The underside of the mesh platform
was illuminated with blue-tinted light and monitored with a webcam. For this experiment,
the right hemisphere CeLC and DRN were targeted for imaging and the plantar side of
the left hind paws of the experimental animals were injected with either formalin (“PAIN”
sampling group) or PBS (“CONTROL” sampling group). This change was done for
clearer and stronger fluorescence results since the right amygdala has been observed
to have greater activity during pain processing (Ji and Neugebauer, 2009; Allen et al.,
2021; Miyazawa et al.,, 2018). This amygdala is also mostly responsible for pain

modulation of the left side of the body (Cooper et al., 2018).

During the tonic/inflammation phase of the formalin test procedure, the von Frey
filaments were utilized by briskly tapping their tips on the injection site, the skin in-
between the paw pads. The filaments are graded according to increasing firmness,
designated as G values. A higher G value will lend a stronger force when used as
described. A mouse experiencing noxious tactile sensation will exhibit the paw
withdrawal reflex. Thus, a mouse with pain-induced hyperalgesia was expected to

perform the reflex when used with a comparatively softer filament.

An additional sampling group, designated as the “BASE” group, was included for
comparison with the PAIN group. This group was injected with formalin in the same

manner as described, but did not receive any tactile stimulation. The fluorescence
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signals from the three sampling groups was the basis for interpreting the presence of
hyperalgesia brain activity and was confirmed by the aesthesiometer G values that

induced observed paw withdrawal reflex.

Imaging data was presented and qualitatively analyzed through three 15 x 15
pixel regions-of-interest (ROIs) per brain region. The basis for selection of the ROIs was
how distinct the fluorescent forms are, meaning they have discernible outlines that can

be discriminated. No further image data processing was done as of this moment.
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Figure 15. von Frey - Formalin test with brain activity imaging. (A) The
experimental design of the von Frey - formalin hybrid test; this experiment involves
three sampling groups, with two controls. (B) The actual von Frey

filaments/aesthesiometers used, undeployed (left) and deployed (right).

b. Results

As of this moment, only qualitative data have been gathered and data processing

has yet to be performed (Fig. 16).

The fluorescence signals in the Pain group are comparatively more intense,
especially in the CeLC. The intensity is maintained after tactile stimulation. The signals
in the DRN are also more consistently intense throughout the experiment proper, being
more intense compared to the DRN ROIs of the other groups at around the last few
minutes.
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There is no apparent trend discerned form the data of the Control group, with the
DRN or CeLC maintaining fluorescence intensity throughout the time span, depending
on the replicate. The tactile stimulation has not resulted in any increase in or

maintenance of fluorescence levels.

The bi-phasic pain response can be observed in the last two replicates of the
Base group, more apparent in the CeLC of the former and the DRN of the latter. The
fluorescence intensities of the CelLCs of the two aforementioned replicates are

maintained throughout the experiment proper, but not of the DRNs.

The presence of hyperalgesia in the Pain group is corroborated by the observed
withdrawal reflex induced by the 0.16G filament, except for one replicate. In contrast, all

the mice of the Control group required the 1.0G filament to elicit the same response.
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Figure 16. Fluorescence signals from ROIs of experimental animals. (A) ROIs of

the Pain group (n=5), (B) of the Control group (n=4), and (C) of the Base group (n=3).
Each square represents visual data sampling from the start of every 5 minutes. Rows A
to C are from the CeLC and rows D to F are from the DRN. ROIs enclosed in the red
boxes are from during tactile stimulation. Heatmap values are voltage values that

represent AF.
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c. Discussion

Calcium signalling fluorescence observed in the Pain group has shown that
tactile stimulation can lead to persistent activation of the CeLC and the DRN in mice

experiencing pain.

CeLC activity enhances pain sensation during inflammation (Veinante et al.,
2013; Shinohara et al., 2017) that must have contributed to the observed persistent
calcium signal. This enhancement is even not localized to the afflicted region (Sugimoto
et al., 2021). Activation of amygdala can give rise to hyperalgesia (Dalmolin et al., 2007;
Rouwette et al., 2012). Though, the CeLC is more responsible for the emotional
dimension of pain sensation (Zhang et al., 2013). Stress itself can significantly
contribute to the emergence of the inflammation through CeLC activation (DeBerry et
al., 2015; Itoga et al., 2016). This might explain some of the long-lasting signals in the
CeLC ROIs in some of the sample of the Control group since acute stress from the
handling were present in all experimental animals, but the results suggest that is not as

impactful as the effect of hyperalgesia itself.

The DRN activity is increased during inflammatory pain via the enhancement of
the 5-HT (serotonin) signalling (Xie et al., 2002). This effect is immediate and can reach

its peak in a few hours, but might persist for a day (Zhang et al., 2000).

The results of the Base group closely correspond to the data of the previous

experiment, but further replication will be done for better representation.

Overall, calcium imaging signals derived from the right hemisphere central

amygdala has been comparatively much more intense than from the other hemisphere
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(see results from previous experiment). Imaging data from the Pain group have also
shown stronger signals from the CeLC, as expected from its more prominent role in pain

processing.

Further elucidation of the data will be done in the near future with appropriate
data analysis. One of the goals is to quantify the presented image data to give a better

resolution of the brain activity changes through time.

d. Summary

A combined von Frey — formalin test was done to expand upon the applications
of the CMOS-based imaging devices. The goal of the experiment was to successfully

acquire visual evidence of enhanced brain activity arising from hyperalgesia.

The procedure is very similar to the previously done formalin test but modified to
accommodate the tactile stimulation needed to demonstrate hyperalgesia. During the
later inflammation phase, the injected paws were stimulated with von Frey filaments of
varying firmness. Another replication group was included without tactile stimulation.
Visual data was presented as the changes of ROI fluorescence across the 1-hour span

of the test.

The fluorescence data among the replication groups has shown that tactile
stimulation with pain sensation relatively increased activation of the target brain sites,

providing evidence of hyperalgesia.
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6. Conclusion

a. Overview

We have shown that our developed implantable device can simultaneously be
used to image two brain sites in mice while observing behavior, without hindrance or
complications. The double implantation of the device was implemented across multiple
experimental animals to successfully complete the modified formalin and the hybrid von
Frey — formalin tests. The collected fluorescence imaging data has been useful to some
degree, enough to show trends and support established findings about pain processing

and hyperalgesia.

Modifications to the device and the peripheral equipment have enhanced
efficiency of the utility of the device. It has been demonstrated that the established dual-
imaging system, consisting of power sources, regulation boards, a recording computer,
and connections, can operate in a sustained manner that allows for the successful
experiment procedures. Improvement s done to the device cables and the FPC
component of the needle-type device enhanced performance and ease-of-use.
Lightening the overall cable weight permitted more mobility of the implanted mice and
enhanced the lightweight feature of the devices. Strengthening the FPC rigidity reduced
degree and frequency of the device warping and missing the target brain regions,

though a balance between structure and berth had needed to be optimized.

Along with a more rigorous implantation and animal handling paradigm,
experiments involving the imaging devices have proceeded with fewer impediments and

complications. Strict and consistent implementation of the position levelling of the
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bregma and lambda, landmarks found on the top skull surface, every implantation
greatly improved accuracy of the targeting of small brain regions. This corresponds to
the guidelines set by implantation protocols. Avoidance of critical brain regions, such as
major blood vessels, essential brain sites, and ventricles, during implantation was also
implemented by taking advantage of the device features that allows for angled
implantations. By shifting the implantation trajectory, the least-injurious path was

determined and followed, particularly for the DRN.

Application of the dual-imaging method for a slightly modified formalin test was
successful. Calcium imaging data collected showed differences between mice
experiencing pain and not. This is corroborated by time-matching and the Mutual
Information determination with the observed pain-based behavior. More precise ROI
analyses on another set of data demonstrated that the Formalin-injected group have
brain regions synchronised in their activities, supporting the fact of their actual roles in
pain processing. Temperature readings in the vicinity of implanted, activated devices
have shown no signs of dangerous levels of heat. This supports the lack of indication of

implanted mice distress and injury.

Lastly, the second implementation of the dual-imaging system in a hybrid von
Frey — formalin test successfully visualized the brain activity during hyperalgesia.
Primary qualitative calcium imaging of the CeLC and the DRN has shown sustained
activity during tactile stimulation of mice experiencing formaldehyde-induced
inflammation. This was in contrast to the lack of trends and lower signal intensity
observed in the painless and tactile stimulation-less controls. Paw-withdrawal response

with the softer tactile filaments in the majority of the Pain-group mice supports the
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imaging data and the presence of hyperalgesia in said group. More replication for the
control and non-tactile stimulated groups and formalized data processing and analyses

will be done to make the data conclusive.

b. Future direction and possible applications

There much is a need for further device development, since at this point, the
device is not sensitive enough to provide conclusive visuals. With the data alone, it is
difficult to be conclusive about the actual identity of the fluorescent forms. What is
certain is that the devices can reliably monitor and visualize brain activity in fluorescent
transgenic mice. Proper selection of more active brain regions to image may better
demonstrate its features and provide cleared images. The properties of this implantable
CMOS device will make it easy to apply on novel sites and configurations in future

experiments.

Because the protocols that were used, from the lens-less CMOS-based
fluorescence imaging device usage to the general experimental design modifications,
are quite novel, there are many points for improvement that need to be addressed.
Long-term double-implantation use of the devices can be explored. The methodology
used to demonstrate the device, the formalin test, is very short in duration. It did not
allow for the exploration of this aspect of device use. Determining the long-term viability
of an implanted device would expand applications to studies involving chronic pain or
multi-stage pain-conditioning experiments involving the same experimental animals.

Retention of dual-implantation for an extended period can also more ensure better and
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much longer recuperation of the animals and give insight to potential changes to the
integrity of the implanted devices. This can be feasibly done in future work because of
the parylene coating, usually used on medical implants, that provides long-lasting bio-
compatibility and protection from biological chemistry for implanted devices. Primary
and unpublished data from previous attempts done in our lab have already proven this
IS most possible, but not to the extent of applying to actual long-term experimentation of
double-implanted animals. The conditions of the animal and the target organ in a
prolonged dual-implantation set-up are of greater uncertainty and can benefit more from
further testing and investigation. This will require appropriate facilities that can house
and shield the animal and the double-imaging system and modified equipment that can

operate for a very long time.

The modular design of the device allows for components to be easily upgraded
almost independent of each other. There are commercially-available CMOS imaging
chips of superior performance that can potentially supplant what we have used, though
it would take significant modification to make it compatible to the device design and
objective. Such chips cannot be used in our imaging system as is. The imaging CMOS
chips used by our devices were developed in-house for optimal use with the needle-
type device. Size, imaging capacity, and heat-radiation levels were taken in to account
to allow it to be used safely as part of a brain implant for calcium imaging. Adapting new
CMOS-based imaging technology might require substantial development effort to make
it feasible, and that will take time. Though, success can greatly improve the quality of
the imaging data. Even so, image quality derived from the CMOS chips will almost

always be of inferior quality compared to that from lens systems. Because of the optics
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involved in a CMOS-based system versus a lens system, images from the former will
never match the resolving power provided by the latter. Even with an increase in pixel
amount, the resolution will not necessarily improve. What this study had provided is a
starting point for possible use of better components to better approach data quality of
already established tools, but also providing unique advantages. Materials for the FPC
substrate can also be made thinner, but more rigid, to ensure better implantation
accuracy and safety. The blue-light filter used on our CMOS chips has been developed
in our lab (Sunaga et al., 2014) and is still being improved upon through integration of
additional filtering layers and better fabrication methods. Thus, there is proof of concept

that the dual use of the device can work, but the device has potential still for refinement.

Since the device has been developed more recently than other established inner-
brain imaging devices, data processing methods for the collected visual data has not
been well-established. Instead, adaptations of processing methods for visual data from
the other devices are utilized that may not be wholly appropriate. Improper analysis
might not properly bring the use of the device to its full potential. A more fitting method

might be needed to be formulated to more properly process the new kind of data.
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Appendix 1. Whole-frame calcium imaging of experimental animals implanted
with devices containing TSM2020 imaging chips. Imaging data from formaldehyde-
injected (n=4) and PBS-injected (n=3) GCaMP2 mice. The data is the basis for the
Whole-frame Quantification and Averaging and Mutual Information Analysis with the

time-matched behavior data. Heatmap values are voltage values that represent AF.
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Amount of licks on the injected paw

minutes Formalin Formalin Formalin Formalin PBS Control  PBS Control  PBS Control
1 2 3 4 1 2 3
2.5 128 94 185 111 0 0 0
5 78 0 0 74 0 0 0
7.5 62 0 0 0 0 0 0
10 0 0 0 0 0 0 0
12.5 8 0 0 0 0 0 0
15 0 0 0 0 0 0 0
17.5 0 0 0 0 0 0 0
20 0 12 0 0 0 0 0
22.5 0 9 0 0 0 0 0
25 0 25 0 0 0 0 0
27.5 0 2 49 0 0 0 0
30 0 0 6 0 0 0 0
32.5 0 10 183 0 0 0 0
35 0 0 68 0 0 0 0
37.5 0 0 174 4 0 0 0
40 0 0 72 39 0 0 0
42.5 124 0 0 0 0 0 0
45 0 0 0 0 0 0 0
47.5 0 0 0 0 0 0 0
50 0 0 0 0 0 0 0
52.5 127 0 0 0 0 0 0
55 5 15 0 0 0 0 0
57.5 0 0 0 0 0 0 0
60 53 0 0 50 0 0 0
AVERAGE MI Coefficients
Formalin CeLC Formalin DRN PBS CelLC PBS DRN
Mouse 1 0.128134569 0.109549913 | 1.11022E-16  1.11022E-16
Mouse2 | 099800944  0.136143536 | 1.11022E-16  1.11022E-16
Mouse 3 0.10072687 0.092856499 | 1.11022E-16  1.11022E-16
Mouse4 | 165736132  0.146986132

Appendix 2. Tabulation of pain-related behavior (top) per time segment (2.5 mins)

and the partially derived mutual information (MI) coefficients (bottom). Behavior

tallied is strictly the licking of affected paw, until the experiment proper end.
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Appendix 3. Whole-frame calcium imaging of experimental animals implanted
with devices containing VIV imaging chips Imaging data from formaldehyde-injected
(n=3) and PBS-injected (n=3) GCaMP2 mice. The data is the basis for the ROI
Selection and Quantification and ROI Time-lag Cross Correlation Analyses. Heatmap

values are voltage values that represent AF.
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Appendix 4. Whole-frame calcium imaging of experimental animals included in
the von Frey — formalin test Imaging data from formaldehyde-injected (Pain, n=5) and
PBS-injected (Control, n=4) GCaMP6 mice that underwent tactile stimulation and
formaldehyde-injected ones that did not (Base, n=3). The data is the source of the
15x15 px ROIs used in qualitative analysis. Heatmap values are voltage values that

represent AF.
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