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Abstract

Objective: To optimise the CLARITY technique that renders brain tissue optically transparent,
followed by immunolabelling and light sheet microscopy for 3D-characterisation of astroglial and
neuronal cytoarchitecture and morphology within the rat orofacial primary motor cortex, and
quantify changes in astroglia morphology following endodontic versus tooth extraction treatment.
Methods: Rats received either tooth extraction or endodontic treatment of the right maxillary
molars, sham operation or no treatment. After one week, 2 mm-thick brain sections of the orofacial
motor cortex were cleared and immunolabelled with astroglial and neuronal markers. 3D-images
were acquired for characterisation and quantification of morphological features of astroglial
processes.

Results: As compared with endodontic-, sham- and no-treatment, tooth extraction produced
significantly thinner and straighter astroglial processes within layer-I of a laminar motor cortex.
Conclusion/significance: Tooth extraction but not endodontic treatment induces significant
astroglial plasticity in the motor cortex. Astroglia may be a therapeutic target for preventing/curing
postoperative sensory-motor impairments.

Overview

Many patients who undergo tooth extraction and endodontic treatments suffer from orofacial
sensory (e.g., pain) and/or motor (e.g., jaw movement, biting, chewing) impairments, that can last
for few days or months (Klineberg et al., 2014; Kumar et al., 2018; Donald R. Nixdorfet al., 2010;
Renton, 2011). Clinicians often fail to adequately manage these impairments and prevent the
development of chronic impairments (e.g., phantom sensation or pain) because the underlying
mechanisms are still poorly understood. Current literature has shown in animals that clinically- or
experimentally-induced acute orofacial pain may result in neuroplastic changes in brain regions



involved in the generation and modulation of sensory-motor functions (K. Adachi et al., 2007;
Awamleh et al., 2015; Yao & Sessle, 2018). Such neuroplastic changes may contribute to the
restoration of sensory-motor functions (i.e., adaptive neuroplasticity), but neuroplasticity may also
contribute to the development and maintenance of impaired sensory-motor behaviours including
chronic pain (i.e., maladaptive neuroplasticity). The orofacial primary motor cortex (oM1) is the
main brain region involved in the initiation and control of orofacial motor functions. It is important
to emphasize that all these functions are not exclusively ‘motor’ because they rely on
somatosensory inputs from the orofacial region (e.g., oral mucosa, teeth) providing somatosensory
feedback and feedforward information that is crucial for modulating the orofacial motor functions.
Novel data from our group has shown that intraoral manipulations in rodents, such as orthodontic
treatment, tooth trimming or extraction, dental implant surgery and acute noxious stimulation of
the dental pulp, can induce functional changes in the oM1 manifested as variations in neuronal
activity and circuitry (i.e., functional neuroplasticity). For review see (Avivi-ArberMartin et al.,
2011; Avivi-Arber & Sessle, 2018b; B. J. Sessle et al., 2013). We have also reported that these
changes may involve and depend on the functional integrity of non-neuronal glial cells since
application of an astroglial inhibitor to the oM1 surface can reverse the neuroplasticity induced by
the noxious stimulation of the dental pulp (Awamleh et al., 2015). However, while it is unclear
what the exact cortical site of action of the astroglial inhibitor was in the cited study, it likely
diffused into the cortex to exert its effects at least on astroglial cells within the superficial cortical
layers. Changes in astroglial function are tightly coupled to changes in their number and/or
morphology (S. Liddelow & Barres, 2015; Sun & Jakobs, 2012). In addition, it has been
demonstrated that peripheral injuries (e.g., trauma to orofacial tissues or inflammation) result in
activation of astroglial cells characterised by progressive changes in the number, morphology,
function, and gene expression of astroglia (i.e., structural and functional astroglial plasticity), for
review see (Chiang et al., 2012a; Alexei Verkhratsky & Butt, 2013). However, no study has
addressed whether endodontic treatment (i.e., dental pulp extirpation) and tooth extraction induce
astroglial plasticity in the orofacial primary motor cortex. Better understanding of the role and
involvement of astroglia in orofacial motor functions after dental manipulation is of clinical
significance since it can assist in the development of improved therapeutic approaches of orofacial
sensory-motor impairment such as targeting astroglia within the orofacial primary motor cortex
(Hamby & Sofroniew, 2010; Kimelberg & Nedergaard, 2010).

Conventional immunohistochemistry has long been a fundamental technique in neuroscience
research to explore morphological features of neuronal and non-neuronal cell in consecutive thin
brain sections. Major advancements in recent years have led to the development of the novel
CLARITY technique that renders the brain optically transparent, and along with immunolabelling
and subsequent novel 3D imaging and automated detection of brain cells allows for the
quantification cellular morphological features in thick brain sections or even at the whole-brain
level (Chung & Deisseroth, 2013a; Chung et al., 2013; H. Y. Zheng & Rinaman, 2016).

Thus, the general aim of the present thesis was to use an animal model and the CLARITY
technique for 3D characterisation of the rat orofacial primary motor cortex and quantification of
morphological changes in astroglial cells within thick brain sections of the orofacial primary motor
cortex of rats receiving tooth extraction versus endodontic treatment.



All experimental procedures were approved by The University of Toronto Animal Care
Committee, in accordance with the Canadian Council on Animal Care Guidelines and the
regulations of The Ontario Animals for Research Act (R.S.O 1990). The experiments reported
herein followed a strict standard protocol and all experimental procedures were carried out by the
same investigator to ensure consistency and uniformity of the procedures. Data analysis was
carried out in a blinded manner to reduce potential experimenter bias.

Materials and Methods

Animals

The present study was carried out on young adult male Sprague-Dawley rats (Charles River,
Montreal, QC, Canada). Ras were 225-250 g upon arrival to the vivarium, and 300-340 g on the
day of perfusion. All rats received a basic health assessment upon arrival (weight, skin, eyes, teeth
and fur inspection). Consistent with our published (Limor Avivi-Arber et al., 2010; Avivi-
ArberLee et al., 2015b) and ongoing studies, rats were single-housed (27 x 45 x 20 cm cages) to
minimize social effects that might mask treatment outcome (Devor et al., 2007; Seminowicz et al.,
2009). The cages contained a polyvinyl chloride tube (used as a shelter and a gnawing device) and
were stored under the same temperature (21 + 1 °C) and humidity (50 £ 5 %) controlled conditions
and a 12-hour light/dark cycle (lights on at 07:00, off at 19:00 h). Consistent with our ongoing
studies involving intraoral manipulations, all rats received mash chow diet and water ad libitum to
avoid postoperative discomfort from biting on a hard diet and to ensure adequate food and drink
intake. Consistent with the literature and our previous studies, since transportation and changes in
husbandry environment are potentially stressful events that can significantly impact animals’
health and function, which may in turn impact treatment effects on brain functions, all rats were
subjected to a 7-day acclimation period (Fig. 7). Rats were monitored daily to assess body weight,
food consumption and any change in their grooming, scratching or exploratory behavior.

Study design

A total number of four rats were used to optimise the CLARITY and immunofluorescence
technique. A total number of 28 rats were used to test whether tooth extraction versus endodontic
treatments can induce, one week later, differential changes in the morphological features of
astroglial cells within the rat orofacial primary motor cortex. The one week time point was chosen
since previous studies have shown that animals develop postoperative perioral hypersensitivity
that peaks between postoperative day four and seven and thereafter subsides and returns to baseline
within 14 days (Lakschevitz et al., 2011).

To prevent allocation bias, rats were randomly allocated into control and experimental groups
(n=7/group). Rats of the extraction (‘Exo’) group received extraction of the three right maxillary
molar teeth and rats of the endodontic (‘Endo’) group received endodontic treatment in the three
right maxillary molar teeth. Rats of the ‘Sham’ group received the same general anaesthesia and
mouth opening as the Exo and Endo groups but without actual tooth extraction or pulpectomy.



Rats of the ‘Naive’ group received no treatment and no anaesthesia. Consistent with previous
studies and to reduce postoperative pain and inflammation, rat received analgesics and anti-
inflammatory drugs for the first three postoperative days. Rats were perfused on postoperative day
seven (Fig. 6). Brains were extracted and thereafter 2 mm-thick coronal sections containing the
orofacial motor cortex went through clearing and subsequent immunohistochemistry procedures
to label astroglial cells as well as neurones. 3D imaging was carried out with a light sheet Z1
fluorescence microscope (Carl Zeiss, Jena, Germany) (20x CLARITY objective). Images were
then processed with Bitplane Imaris software to automatically identify and quantify morphological
features of astroglial processes.
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Figure 6. Experiment time-line. Rats were monitored on a daily basis from the date of
arrival at the vivarium until perfusion day. Weight (yellow arrow) was measured on arrival,
after acclimation period and on the day of perfusion. Treatment (endodontic treatment, or
extraction, or sham operation) were carried out following a 1-week acclimation (green
band). Analgesics and anti-inflammatory were administered up to three days post-op (pink
band). Perfusion was performed on day 7 after treatment (blue band).

Animal experiments

All surgical procedures were carried out under standard aseptic surgical conditions with
isoflurane/oxygen as a general anaesthesia (1-3% Isoflurane; 1L/min mixed with Oz)
supplemented with local infiltration of lidocaine hydrochloride 0.1 ml, 2% in 1:100,000
epinephrine (Lignocaine, Lignospan standard®, Septodont, Ontario, Canada) injected to the labial
and palatal sides of the three right maxillary molar teeth. Pulse oximeter monitoring verified that
the heart rate and oxygen saturation levels were within a physiological range (i.e., 333-430
beats/min, 90-100% O2). A controlled heating pad (Model 73A, YSI, Ohio, USA) maintained the
rat core temperature at 37-37.5°C, and their eyes were treated with a lubricating ophthalmic
ointment (Alcon®, Novartis, Canada). All the instruments used during the procedures were
sterilized in an autoclave at 121°C .



Dental surgeries and sham operations were carried while the animal was under general anaesthesia
(see above), lying in a supine position with a mouth being kept opened by pulling down the 2
mandibular incisors with a dental floss. The tongue was fixed to the left cheek with a tape (Fig.
7A). The surgical area was wiped using a cotton applicator soaked with 0.12% chlorhexidine
gluconate (Peridex®, 3M ESPE, Canada), and a gauze was placed at the back of the throat to
protect the rat from any aspiration. Thereafter, a local anaesthesic was injected into the palatal
gingivae and buccal vestibule. All surgical procedures were carried out with the aid of an optical
magnification of 4.5x using dental loupes (Orascoptic, Middleton, WI, USA).

Tooth extraction

The marginal gingiva around the three right maxillary molar teeth was gently detached. Then, the
teeth were luxated using modified dental instruments (Avivi-ArberLee et al., 2015b; Avivi-Arber
et al., 2017). Hemostasis was achieved by applying pressure to a sterile gauze pressed over the
extraction sockets for a few minutes (Fig. 7C).

Endodontic treatment

Surface disinfection of the three maxillary molar teeth was carried out with 2.5 % sodium
hypochlorite. The area was kept dry by continuous suctioning and application of a cotton roll to
the buccal vestibule. For dental pulp extirpation, occlusal access cavities were drilled using a low-
speed handpiece and a LN 25 carbide bur (Dentsply Maillefer, Ballaigues, Switzerland). Root
canals were identified and cleaned using a filing motion with K-files #10; 21 mm long, bended at
2.5 mm from the tip, (Dentsply Maillefer, Ballaigues, Switzerland) and irrigated with 2.5%
NaOCL with close and continuous suction (BabySmile S-502 Nasal Aspirator). When there was
no more bleeding from the canals, a final irrigation with 2.5 % sodium hypochlorite for 1 minute
per tooth was performed (Fig. 7D). Canals were dried with paper points and the pulp chamber was
filled with an aqueous paste of calcium hydroxide (Vista Dental Products, Racine, WI, USA). The
access cavity was sealed with IRM dental filling (Dentsply Maillefer, Ballaigues, Switzerland).

Sham Operation

Sham rats had exactly the same surgical operation as rats of the Exo and Endo groups including
general and local anaesthesia, analgesics and anti-inflammatory drugs, and mouth opening for 30-
60 min, and kept for a similar period of time that was used for the pulpectomy and extraction
procedures of the Exo and Endo groups. However, no actual tooth extraction or endodontic
treatment was carried-out in Sham rats.



Figure 7. A. Mouth opening. B. Maxillary molar teeth. C. Extraction sockets of right maxillary
molars. D. Access cavities for dental pulp extirpation of right maxillary molar teeth. E.
Radiographic image of the right maxillae showing maxillary molar teeth after pulpectomy,
restored temporarily. F. Radiographic image of the right maxillae showing extraction sockets.

Postoperative Care

After the surgical operation, rats were placed back into their cage under a heat lamp and monitored
for 30 mins to ensure complete recovery from the general anaesthesia. Rats are known to develop
periapical inflammatory changes after pupal extirpation (Holland, 1995). Whereas after tooth
extraction they may develop postoperative perioral hypersensitivity that peaks between
postoperative day 4 to 7 that thereafter subsides and returns to baseline within 14 days (Lakschevitz
et al., 2011). Therefore, to reduce postoperative pain and inflammation following the surgical
operations, buprenorphine hydrochloride (0.05 mg/kg, s.c., Buprenex, Reckitt Benckiser
Healthcare Ltd, USA) and ketoprofen (5 mg/kg, .c., Anafen ® Injection, Boheringer Ingelheim,
Canada) were administered subcutaneously every 8—12 h during the first three postoperative days.
This postoperative care procedure was consistent with previous studies (Limor Avivi-Arber et al.,
2010; Avivi-ArberLee et al., 2015b; Avivi-Arber et al., 2017). Consistent with previous studies,
rats recovered uneventfully following the endodontic treatment (Erausquin & Muruzabal, 1967,
1968, 1969) and tooth extraction surgery (Avivi-ArberLee et al., 2015b). Following the operations,
rats showed a normal feeding, grooming, scratching and exploratory behaviors, and a normal mean
of daily rate of body weight gain.

Brain Tissue Clearing

All the procedures described below were adapted from the CLARITY Protocol developed by Karl
Deisseroth’s Lab at Stanford University (Deisseroth, 2017; Engberg, 2014). Some modifications



were introduced to optimise tissue clearing and immunolabelling of astroglial cells as well as
neurones within the orofacial primary motor cortex, our region of interest.

Hydrogel Monomer Perfusion-Infusion and Embeding

General anaesthesia was induced with Ketamine HCI (175 mg/kg, Ketaset®, Ayerst Veterinary
Laboratories, Ontario, Canada; I.M) and Xylazine (25 mg/kg, Rompun®, Bayer, Ontario, Canada).
A deep state of anaesthesia was confirmed by the lack of a twitch in response to a strong pinch of
the hindlimb. The rat was then placed on its back on the dissection pad in a supine position. A
transverse incision was made with scissors first through the skin just below the ribs and then
through the abdominal wall and ribs. Care was taken not to damage large blood vessels or organs
such as the lungs and liver. The pericardium was gently detached from the heart. The anterior wall
of the chest was raised and flipped backward to keep the heart exposed. A metal perfusion needle
with a ball tip was inserted through the apex of the left ventricle into the aorta. When placed
correctly, the tip of the perfusion needle was visible through the transparent wall of the aorta. The
needle, just below the ball tip, was then secured to the aorta wall with a silk suture. Then, the right
atrium was cut opened and 200 mL of ice-cold (4 °C) 1X PBS solution were perfused with a
peristaltic pump (10 ml/min, ~5 - 10 min) through the needle and the right aorta to clear all blood
from the capillaries in the brain and other body tissues. This step was followed by perfusion
(10ml/min, ~5-10 min) of 200 ml of ice-cold fixative hydrogel solution (Fig. 8, Table 1). Adequate
perfusion was confirmed by the appearance of a pale-color liver and a stiff tail
(http://wiki.claritytechniques.org).



Step 1: Hydrogel monomer perfusion-infusion; whole brain(days 1-7)
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Figure 8. Overview CLARITY technique. Step 1: An optically transparent porous matrix
composed of formaldehyde (red), acrylamide and bisacrylamide (hydrogel) monomers (blue),
and thermally-triggered initiators, is perfusion-infused into the brain tissue at 40 °C . The
formaldehyde forms crosslinks with the tissue, and covalent links (electron sharing) between the
hydrogel monomers and tissue-proteins, nucleic acids and other biomolecules. Step 2: At 37°C,
the tissue-bound monomers polymerize and create a hydrogel mesh—tissue hybrid that provides
physical support to tissue structure. Step 3: Passive clearing removes lipids and molecules that
remained unbound to the hydrogel. While detergent (sodium dodecyl sulfate, SDS) micelles
diffuse passively through the tissue, they capture and clear out lipid of the tissue. The hydrogel—
tissue hybrid keeps biomolecules and fine cytoarchitectural features of the brain intact, including
neuronal and glial proteins. Despite clearing, some light-scattering remains due to
heterogeneous distribution of proteins and nucleic acid complexes in the hybrid. Step 4:
Standard immunolabelling of cells or molecules. Step 5: Immersion in 2,2'-thiodiethanol (TDE)
solution for: optical clearing; tissue shrinkage to compensate for clearing-induced tissue
expansion; refractive index homogenization. Step 6: Light sheet microscopy to visualise cells
in intact thick tissue. Adapted by permission from Springer Nature: Nature Methods. CLARITY
for mapping the nervous system, Kwanghun Chung, Karl Deisseroth, (2013).



Table 1 List of Solutions, ingredients and manufacturer.

Use/ Solution Ingredients Manufacturer
Perfusate
Saline Solution. 1X PBS — 200 mL Life Technologies
- 200 mL (1 rat)
Fixative and substructure
Hydrogel Solution. Acrylamide (40% v/v) - 40 mL Bio-Rad
- 400 mL ( 2 rats) Bis-Acrylamide (2% v/v) - 10 mL Bio-Rad
Buffered Formalin Sol. 10% v/v - 100 mL EM Sciences
VA-044 Initiator - 1 g (0.25 w/v) WAKO
10 X PBS - 40 ml BioShop
Deionized water - 210 ml
Storage
Phosphate Buffered Saline Triton PBS 1X - 1L Life Technologies
(PBST) Triton-X 100 0.1% v/v - ImL BioShop
1 L (40 brains) Sodium Azide - 0.1% w/v - 1 gr Sigma
Clearing Buffer Solution Boric Acid - 123.66 g BioShop
- 10 L (56 brains) Deionized water - 2L
Sodium hydroxide (NaOH) BioShop
— adjust pH to 8.5
Sodium dodecyl sulfate (SDS) Invitrogen
— 4% w/v-400mg
Deionized water up to 10 L
Buffer Wash
Phosphate Borate Triton (PBT) Boric acid - 12.5g BioShop
- 1L (6 brains) Deionized water - 1L
Sodium hydroxide (NaOH) BioShop
— adjust pH to 8.5
Triton-X 100 0.1% - 1 mL BioShop
Sodium Azide 0.1% w/v-1g Sigma
Refractive Index Matching & Optical
Clearing
30% 2,2'-Thiodiethanol (TDE ) TDE — 30 mL Sigma
- 100 mL (4 brains) PBS 1X-70 mL Life Technologies
63 % TDE Irl;BD;3 16)3( I7anr;L ii%én "?echnolo ies
- 100 mL (4 brains) &

Brain Dissection

Immediately following the perfusion, the fixed brain was extracted from the skull. The skin,
connective tissue and muscles surrounding the skull were cut and removed with scissors and a
rongeur instrument, the first spinal vertebrae was cut out, the spinal cord was cut with the tip of
fine scissors at the level of C2, then the rongeur was used to fracture the zygomatic arches, remove
the auditory meatuses, and then to gently remove the skull from around the brain starting at the
ventral surface of the skull, then going lateral and rostral. Then the brain was gently lifted to allow



for optical chiasm transection and trimming of any dura connecting the brain to the skull.
Thereafter the olfactory nerves were transected, and the brain was gently lifted and removed out
the skull. Special care was taken not to damage the motor cortical areas.

In addition, the rat maxillae were collected into 50 ml Falcon conical tubes containing 10 ml of
10% buffered formalin solution for radiographic evaluation of extraction sites and periapical tissue
(Fig. 7E, F).

Hydrogel Tissue Embedding

Each brain was placed in a 50 ml conical Falcon tube containing 25 mL of ice-cold hydrogel
solution, and stored at 4 °C for 7 days to allow further diffusion of the hydrogel solution into the
brain tissue.

Hydrogel-Tissue Hybridisation

The falcon tube with a loosened lid was placed in a desiccation chamber (in a fume hood) hooked
up to a carbon dioxide tank and a vacuum pump (two falcon tubes at a time). A vacuum was applied
to the chamber for 20 minutes to remove all oxygen (i.e., ‘degassing’) which was then replaced
with inert 100% carbon dioxide gas flowing into the chamber for three minutes. Then, the falcon
tube was quickly sealed to prevent reintroduction of oxygen. The tube was submerged in a
temperature-controlled 37°C water-bath for 3-4 hours to polymerize and crosslink the hydrogel
matrix.

After polymerization, the gel was peeled off from the brain with a lint-free tissue paper
(KIMTECH Science® Kimberly-Clark, Canada) and stored individually in a labelled 50 mL falcon
tube with PBST solution until ready for sectioning. A mark was made to the right side of the brain
to differentiate it from the left side. We used macroscopic anatomical features of the brain to
determine the location of the orofacial primary motor cortex, corresponding to Swanson’s atlas
location ~2 — 4 mm anterior to Bregma (see Chapter 1 Fig. 2) (Swanson, 2004). The 2-millimeter
thick coronal sections containing the orofacial primary motor cortex were cut with a vibratome
3000 (Model 3000, TPI, Missouri, USA). Each 2-mm thick section was stored in 50 ml Falcon
tube with 25 ml of PSBT solution (Table 1) until ready for passive tissue clearing.

Passive clearing

Passive clearing of membrane lipids from each of the 2 mm-thick coronal section was carried-out
by sequential immersions in a clearing solution (Table 1) within a 50 mL Falcon tube placed on a
3D Rotator platform (30 RPM, LAB-LINE) and incubated at 45°C. The section was first washed
in 50 mL clearing solution for one day, and then for additional two days in fresh clearing solution
to remove excess of formalin, initiator, and hydrogel monomers. Subsequently, 50 ml fresh
clearing solution was changed every two days. The clearing was checked visually by holding the
container up to the light until all lipids solubilized rendering the tissue completely transparent (i.e.,



‘see-through’ tissue) for microscopy (Engberg, 2014) (Fig. 9). Clearing took approximately 15
days.

Figure 9. A. A whole brain after hybridisation (lined area) B. 2 mm-thick coronal section
containing the motor cortex (rostral view) C. Coronal section after 7 days of passive clearing D.
The tissue appeared ‘see-through’ after ~15 days of clearing. Notice the significant increase in
size due to swelling that occurred during the passive clearing.

Following clearing, each section was placed in 50 mL buffer wash made of Phosphate Borate
Triton (PBT) solution (Syed et al., 2017) (Table 1) in a falcon tube placed on a 3D rotator platform
(30 RPM, LAB-LINE) at room temperature to wash out SDS micelles. The PBT was replaced
three times per day for two days, and thereafter, the sections were stored in PBT solution at 4°C
until tissue labelling.

Optimisation Protocol for Whole-Tissue Immunolabelling

The focus of this study was to introduce this method to our lab and optimise the immunolabelling
of astroglial cells with a specific glial fibrillary acidic protein (GFAP) antibody to allow for
subsequent characterisation and quantification of morphological features of astroglia within 2 mm-
thick cleared motor cortex brain sections (Table 2) (Bastrup & Larsen, 2017; Bignami & Dahl,
1977; Chung & Deisseroth, 2013b; Chung et al., 2013; Costantini et al., 2015; Eng et al., 2000;
Garcia-Cabezas et al., 2016; Tomer et al., 2014a)
(http://wiki.claritytechniques.org/index.php/Immunostaining). In addition, we used and optimised
immunolabelling of a neuronal nucleus marker (NeuN) that is known as Fox-3 protein, which is
expressed exclusively by neurones and plays a role in regulating neuronal cell differentiation and
nervous system development (Kim et al., 2009). NeuN is conventionally applied to distinguish
astroglia from neurones and was used by us in this study to test whether an intraoral manipulation
affected the number and size of neurones (Gusel'nikova & Korzhevskiy, 2015; Mullen et al., 1992).

We also used and optimised the immunolabelling with 4’,6-diamidino-2-phenylindole (DAPI),
which is a blue-fluorescent DNA stain that is commonly used as a nuclear counterstain in
fluorescence microscopy. DAPI has high affinity for DNA and has been use, for example, to count
cells and sort them based on DNA content, or to measure cell apoptosis. We have used Alexa
Fluor-conjugated antibodies as primary antibodies that are already directly conjugated to a
fluorophore-coupled secondary antibody, thus eliminating the need for incubating the primary



antibody with a secondary antibody. This simplified and shortened the immunolabelling process
since there was no secondary antibody incubation step, needing fewer washing steps. Conjugated
antibodies are also cheaper. In addition, to save on material and incubation time, in the optimisation
process we used 200 um-thin coronal sections.

Whole-Tissue Immunolabelling Protocol

The 2 mm-thick sections were cut in the midline to separate the left and right hemispheres. Only
the left hemispheres, contralateral to the dental manipulation side, were collected for
immunolabelling since it has previously been documented that while orofacial muscles and tissues
have bilateral representations within the orofacial motor cortex, the contralateral representations
are significantly more predominant. Moreover, unilateral orofacial manipulations, such as tooth
extraction, induce functional neuroplasticity mainly within the contralateral orofacial motor cortex
(Kazunori Adachi et al., 2007; Limor Avivi-Arber et al., 2010; Avivi-ArberLee et al., 2015b).

Brain sections were transferred into new 50 ml Falcon tubes containing 0.5 mL PBST solution of
1:70 (7.1pl) anti-GFAP antibody conjugated to Alexa Fluor® 488, anti-NeuN antibody conjugated
to Alexa Fluor® 555 and DAPI (Table 2). Tubes were placed on a rotating platform (at 30 RPM)
and incubated at 37 °C for 6 days. Tissue sections were then washed in PBST at 37 °C for 6 days,
changing PBST twice during working hours (i.e., 9 am and 6 pm). From this stage forward, the
Falcon tubes were tightly covered with aluminum foil to protect the fluorescence antibodies from
light and prevent fading (photobleaching) of the fluorophores.

Antibodies come in small amounts within small vials that were centrifuged before aliquoting to
ensure all the material was at the bottom of the vial available for use.

Table 2 List of conjugated antibodies used for immunolabelling.

Wavelength
Catalog Wavelength Concentration/
Antibody Target | Manufacture Emission
number | Excitation (nm) 500pL PBST
(nm)
Anti-Glial Fibrillary 170
i ; Astroglial 493 519 '
Acidic Protein (GFAP) S Sigma MAB3402X |
Alexa Fluor® 488 filaments (Green) (Green) L
Ap
Conjugate
Anti-NeuN clone A60
Alexa Fluor® 555 Neuron.al Sigma VMAB37TIAS 555 565 1:70
Conjugate nuclei (Red) (Red) 7.1 uL
4,6-Diamidino-2-
Nucleic acid AAT 17510 356 461 1:70
phenylindole ) )
all cell nuclei|  Bioquest (AAT) (Blue) (Blue) 7.1 uL
dihydrochloride (DAPI)




Imaging

A transparent brain tissue immersed in a solution of the same refractive index as its internal
refractive index will appear invisible. Thus, the refractive index of the brain section had to be
equilibrated to that of the imaging immersion medium, which in turn had to be matched as closely
as possible to the refractive index of the imaging objective (Richardson & Lichtman, 2015). The
objectives of the light sheet (LS) Z1 fluorescence microscope (Carl Zeiss, Jena, Germany) have a
refractive index 1.45 which is suitable for imaging cleared tissue at a high-resolution.

FocusClear is the recommended immersion solution in the original CLARITY protocol, and in
particular for thick-tissue sections like a whole mouse brain. FocusClear has shown to provide the
optimal optical transparency and maximum imaging depth(Tomer et al., 2014b). However, it is an
extremely expensive solution ($180 USD/ 5 ml). Other more affordable solutions with a RI of
~1.45, such as glycerol 87% (Tomer et al., 2014b) and 63% 2,2'-thiodiethanol (TDE) (Costantini
et al., 2015; K. H. R. Jensen & Berg, 2017), can also be used but only for imaging thin tissue
sections (< 1- 2 mm thick) or for a small imaging depth (http://wiki.claritytechniques.org).

Thus, glycerol and TDE were tested in this study to obtain the best tissue transparency and
maximum imaging depth. GFAP- and NeuN-labelled sections went through serial incubations in
series of TDE or glycerol solutions (Table 3).

For glycerol, the sections were incubated in different concentrations of the solution incrementally.
First, the brain section was placed in 50 mL 25% (vol/vol) glycerol in 1X PBS (Glycerol/PBS) and
stored in a Falcon tube on a 3D rotating platform (30 RPM) at 37 °C for 1 day (~24 hrs). Then, the
sample was transferred to a new falcon tube containing 50 mL 50% (vol/vol) glycerol in 1X PBS
and stored at the same conditions as before. Lastly, the sample was transferred to a new falcon
tube containing 87% (vol/vol) glycerol in 1X PBS and stored at the same conditions as before and
imaging was performed the following day (http://wiki.claritytechniques.org/index.php/Solutions).
With glycerol the sections remained visually cloudy and this resulted in less penetration depth and
less image quality.

For TDE, the sample was immersed in 50 mL of 30% (vol/vol) TDE in 1X PBS (TDE/PBS) (pH
7.5) and stored in a Falcon tube placed on a 3D rotating platform (30 RPM) at 37 °C. The section
remained in the 30% TDE until its internal region got saturated with TDE as evident by its sinking
to the bottom of the tube (~1.5 hrs). Then, the section was immersed in 50 mL 63% (vol/vol) TDE
in same conditions as before and until the section sunk to the bottom of the tube (~1.5 hrs). After
immersion in TDE, the sections became completely transparent but acquired a yellow hue.
Sections also shrunk in TDE which appears to compensate for the swelling occurring following
tissue clearing (Costantini et al., 2015; Epp et al., 2015).

We found that TDE, as compared with glycerol, provided a simpler and faster procedure for
refractive index matching and optical clearing, and it also allowed for acquiring images with a
deeper penetration depth and a higher resolution. Therefore, 63% TDE was used as the immersion
solution for this study.

To further minimize refractory index mismatch and subsequent optical errors such as spherical
aberrations (https://photographylife.com/what-is-spherical-aberration), and to improve the image
quality and penetration depth, before each brain imaging the refractive index of the immersion



solution (63% TDE) was checked with a refractometer to ensure it is within 1.45 + 0.03 (Fig. 10).

/)('l r('(’(

Figure 10. Refractometer used for determination of the Refractive Index (RI) of the cleared
tissue, verifying that the RI of the 63% TDE solution before imaging in the light sheet

microscope is 1.45.

Table 3 Testing options for optical clearing and refractive index matching

Solutions Volume |Concentration| Rotation | Temperature Time
Glycerol/PBS 50 mL 25% 30 RPM 37°C 24 hrs
Glycerol/PBS 50 mL 50% 30 RPM 37°C 24 hrs
Glycerol/PBS 50 mL 87% 30 RPM 37°C 24 hrs

Until sunk to the bottom of
TDE/ 1X PBS 50 mL 30% 30 RPM 37°C
the tube (~1.5 hrs))
Until sunk to the bottom of
TDE/ 1X PBS 50 mL 63% 30 RPM 37°C
the tube (~1.5 hrs))

A glass capillary was glued with super-glue to the caudal side of the coronal section at a brain
region distant from the region of interest (i.e. orofacial primary motor cortex) and not within the
centres of light emission planes and objective. The tip of the capillary was then mounted to the
microscope holder and the brain section was suspended from above into 63% TDE-filled chamber.
This chamber provided the brain section with a stable temperature environment throughout the
imaging process which took about 1/2 hour. For imaging the region of interest in layer I, the
cortical oM 1 was imaged while the coronal slide was submerged into the mounting solution, facing
its rostral aspect to the objective. Care was taken not to form air bubble in the chamber to avoid

light scattering.



Imaging the Region of Interest

The region of interest was determined to be ~ 4 mm from the midline (depicted with a red line)
and including the superficial layer I based on our electrophysiology studies (Avivi-ArberMartin et
al., 2011; Avivi-Arber et al., 2017; Awamleh et al., 2015) and the anatomical atlas (Swanson,
2004) (Fig. 11).

Figure 11. The region of interest is depicted in yellow was determined to be ~4 mm from the
midline (red line) and included the superficial layer I. The total area scanned with the 20X
CLARITY objective was 438.9 um x 438.9 um x 1 mm°.

Imaging acquisition

A Zeiss light sheet Z1 microscope was used for image acquisition with the following specifications
(Fig. 12):

Detection Optics: 20x/1.0 (CLARITY, RI=1.45)

[llumination Optics: 10x/0.2 x 2, 5x/0.1 x 2

Lasers: 405 nm (20mW), 488 nm (50 mW), 561 nm (20 mW), 638 nm (75 mW)

Camera: pCO Edge 5.5x 2

Max Sample Dimensions: 10 x 10 x 20 (mm)

Field of View (20x): 439 x 439 (um)

Software: Zeiss Zen Light sheet 2014

Environmental Control: Zeiss (temperature/CO3)



Figure 12. A. Red arrow is pointing at the area were the ROI is located. A glass capillary is
attached to the caudal aspect of the thick brain section. B. The glass capillary with the brain
section attached (red arrow) inside the Zeiss light sheet Z1 microscope. C. Outside view of the
Zeiss light sheet Z1 microscope at the imaging facility.

Images of the region of interest were acquired with a CLARITY objective (Clr Plan-Neofluor
20x/1.0, RI=1.45 (£ 0,03), NA=1. Acquisition parameters were as follow:

Unilateral illumination: Since usually only the left or right side illumination provided a better
resolution image of the labelled neurones and astroglia, each plane was illuminated from either
the left or right light source.

A separate track for each laser and camera color was used for each marker; GFAP (green 50),
NeuN (red 50) and DAPI (cyan).

Laser power range: 45- 90%
Exposure time: 29 — 129 ms

Computers used for image acquisition require very large storage space as well a large random
access memory (RAM) for image processing. The storage space of each acquired image of 2 mm-
thick brain tissue was ~100 GB/scan. This storage volume was too large to be handled by the
computers available at our imaging facility. Therefore, we carried out 2 scans of the region of
interest which included 1 mm?® of the rostral aspect of the region of interest, and then 1 mm? of the
caudal aspect of the region of interest. We here report data collected from the rostral aspect only
(i.e., ~60 GB/scan).

After imaging, the section was stored in PBST at room temperature protected from light.

Image processing

Image analysis was carried out with Imaris Software 9.2.0 (Bitplane) for 3D reconstruction. The
Z- stacks acquired with the light sheet microscope Z1 were converted from Zen (.czi) files to
Imaris (.ims) files using the Imaris File Converter x64 9.0.1 application. After background
subtraction and thresholding for the green channel that corresponds to GFAP positive cells



(GFAP+), a systematic region of interest delineating Layer I was cropped from the total volume
of the acquired image.

Cytoarchitectonic features were used to delineate the border between cortical layer I and layers
II/III. Layers II/II1, as compared with layer I, were characterised with a significantly larger number
of NeuN positive (NeuN+) nuclei but only sparse GFAP immunoreactivity. In contrast, layer I was
characterised by a rich network of GFAP+ processes and sparse NeuN immunoreactivity. The
selected region of interest included layer I and excluded the glial limitans due to a significantly
higher GFAP immunoreactivity of the glial limitans that limited the software ability to trace
individual GFAP+ processes (Fig. 13).

Quantification of Morphological Features of Astroglial Processes

Accurate morphological description of filamentous structures requires ultimate resolution to
capture the finest of structures of interest in our study, i.e., the astroglial processes. Therefore, the
Filament Tracer application of Bitplane Imaris, an advanced software for automatic detection of
filament-like structures, was used for morphometric analysis of astroglial processes in all spatial
directions (Fig. 13 B and C).

Pia mater
Glia Limitans i

Layer I

Layer II / III

Figure 13. A. 3D image of 1 mm-thick cortical tissue showing the features used to select the
region of interest within layer I: the pia mater, composed of NeuN+ flat-shape nuclei (red), the
glia limitans identified as a continuous layer of high intensity GFAP+ astroglial cells, cortical
layer I is characterised by a rich network of GFAP+ processes while layers II/I1I below show a
significantly larger number of NeuN+ nuclei and sparse GFAP+ cells. B. Illustrate the region
of interest within layer I selected for subsequent morphometric analysis of GFAP+ processes.
Bottom yellow line marks the border between layer I and layers II/III. Top yellow line marks an
approximate border between layer I and the glial limitans. C. Bitplane Imaris software masked
the GFAP+ processes (selected in white) within the region of interest for subsequent
morphometric analysis.



The tracing was done by applying the threshold based algorithm that is based on an absolute
intensity threshold of GFAP+ filamentous structures (processes). Analysis took approximately 8
hours per scan.

Morphological parameters

Several statistic values were calculated automatically by the Imaris software and compiled in an
Excel Sheet. For the purpose of our study, values from seven parameters were collected. The
term ‘Filament’ is given by the software to the filamentous structures (astroglial processes)
(http://www.bitplane.com/download/manuals/ReferenceManual6_1_0.pdf).

1. Filament Area: the sum of the generated surfaces of a frustum (truncated cone).

2. Filament Length (sum): the sum of the length of all filaments.

3. Filament mean diameter: the mean diameter within a filament. Each point of a filament
line has its individual measured diameter. The diameter is measured as shortest distance
from the Centre line to the surfaces defined by the lower threshold.

4. Filament volume: the sum of volume of all edges (cones) which compose a filament

5. Filament straightness: h = the distance between two branch points. The filament
straightness is h per length of the filament.

6. Volume of layer I region of interest.

7. Changes in the complexity of astroglial morphology were determined by calculating the

surface area/volume ratio from the data given by the software.

Data Analysis and Sample Size Calculation

The densely intermingled GFAP+ processes within layer I of the orofacial primary motor cortex
did not allow analysis of morphological features of GFAP+ processes per individual cell.
Therefore, data analysis was based on automatic software quantification of global morphological
features of GFAP+ processes within the region of interest.

Our published and recent studies indicate large effect size (21-25%) between groups in primary
outcomes. According to G*Power calculation, the minimum sample size required to obtain
statistically significant results for ANOVA test with 80% power and a= 0.05 is n = 7/group, and
for 4 groups a total of 28 rats. The outcome variables were transformed to obtain a normal
distribution. The independent variable was the study group, i.e., Endo, Exo, Sham or Naive. The
dependent variables were: sum of the total surface areas of all GFAP+ filaments, sum of the total
length of all GFAP+ filaments, filaments’ mean diameter, sum of the total volume of all GFAP+
filaments, mean filament straightness. The total volume (%), surface area, and length of GFAP+
filaments were normalised by the region of interest. Sigma Plot 11 (Systat Software, San Jose, CA,
USA) was used to perform the statistical analysis. One-way ANOVA followed by the post-hoc
Duncan test determined whether the independent variable had an effect on any of the independent



variables. A p-value <0.05 was considered a statistically significant difference. Data are presented
as means +/- SEM.

Excluded Data

A total of 32 rats were initially included in the study however, data of 10 rats were excluded
because of animal death during the general anaesthesia (n=2), or inadequate perfusion (n=3) (Table
4). Inadequate perfusion was associated with bright wide-diameter (> 6 pm) GFAP+ structures
consistent with blood-filled blood vessels (Fig. 14 A,B) (Whittington & Wray, 2017). Accordingly,
for the mean diameter parameter, all the values larger than > 6 um were not included for data
analysis.

Additional 5 animals from the Naive (n=3) and Exo (n=2) groups were excluded from the study
due to inadequate quality of the images acquired with the light sheet microscope. Three images
had bright/ dark stripe artifacts which are a common occurrence in light sheet microscopy (Power
& Huisken, 2017) (Fig. 14 C,D). One Naive rat was excluded due to a persistent technical problem
with the statistical data extraction in the Imaris software. Thus, this study reports on a total of 22
rats with some groups having 5 rats.
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Figure 14. A. 3D image of 1 mm-thick brain tissue from a rat that underwent inadequate
perfusion and subsequent immunolabelling with GFAP marker in green. White arrows show >6
um-thick GFAP+ structures consistent with blood-filled blood vessels. B. Enlarged insert from
figure A. C and D. 3D image of 1 mm-thick brain tissue which underwent immunolabelling
with GFAP marker in green. Image shows bright and dark stripe artifacts which are a common
occurrence in light sheet microscopy. C. A lateral view. D. A superior view.



Table 4 Summary of study groups, number of animals included or excluded from the study and

the reason for exclusion.

Experimental Number of Animals Number of Animals
Reasons for exclusion
Group Included for analysis Excluded

- Two animals with bright/dark
stripe artifacts
- One animal with unsolved
Naive 5 3 . . .
technical problem in statistical
data extraction by Imaris

software

- One animal with inadequate
perfusion and bright blood-
Sham 6 2 filled blood vessel artifacts
- One animal died during general

anaesthesia

- Two animals with inadequate
Endo 6 2 perfusion and bright blood-
filled blood vessel artifact

- Two animals with bright/dark
stripe artifacts
Exo 5 3 .
- One animal died during general

anaesthesia

Total 22 10




Results

In the present study we have utilised the CLARITY technique to render 2 mm-thick rat coronal
brain sections optically transparent. We then utilised immunofluorescence labelling with antibody
markers specific to astroglial filaments (GFAP) and neuronal nuclei (NeuN). We subsequently
applied light sheet microscopy for 3D imaging of a motor cortex region we have previously defined
as the centre of the rat orofacial primary motor cortex. By subsequently employing the Bitplane
Imaris software for 3D reconstruction and morphometric analysis of the GFAP- and NeuN-labelled
cells within the superficial layers I-III of the motor cortex we have identified their laminar
distribution and have also characterised morphological features of astroglial processes within layer
I of naive rats and rats receiving tooth extraction, endodontic treatment or sham operation.

3D Characterisation of Astroglial and Neuronal Cytoarchitecture and Morphology within
the Superficial Layers of the Rat Orofacial Primary Motor Cortex

We have identified a laminar cytoarchitecture of the primary motor cortex demonstrated by NeuN-
and GFAP-immunoreactivity (i.e., NeuN+ and GFAP+, respectively). Fig. 15 C shows a 3D image
ofa438.9 um x438.9 um x 1 mm brain tissue from a representative rat immunolabelled with the
NeuN and GFAP markers. The most superficial layer comprised a thin layer of NeuN+ flat-shape
nuclei corresponding to the pia mater, i.e., the innermost layer of the meninges. The pia closely
apposed a continuous layer of high-intensity GFAP+ cell bodies and processes, which are known
as the glia limitans superficialis (glial limiting membrane) (also see Fig. 16). This membrane also
surrounds the perivascular space surrounding the cortical parenchymal blood vessels and is
referred to as the glia limitans perivascularis (Fig. 17). Immediately below the glia limitans is
cortical layer I, which comprised a dense network of GFAP + cell bodies and processes, some of
which project to the glia limitans. The immediately adjacent inner cortical layers, corresponding
to cortical layers II/III, comprised an abundant number of NeuN+ round-shaped nuclei,
significantly larger than the number of NeuN+ cells in layer I. In contrast, GFAP+ cells appear to
be significantly more abundant in layer I than in layers II/IIl. DAPI was able to label (in blue)
nuclei within the cortex and nuclei of the Pia mater located above the glia limitans (Fig. 16 D and
Fig. 18 A).

Figure 15. A. A 2D image of a Nissl-stained coronal section through the orofacial sensory-motor



cortex of a Sprague Dawley rat at ~ 3 mm anterior to Bregma. Superimposed are the jaw (red)
and tongue (blue) motor representation areas as we have previously mapped and documented.
B. A schematic diagram obtained from Swanson’s Atlas of the Rat Brain). Reprinted with
permission from John Wiley and Sons, Journal of Comparative Neurology, Brain maps 4.0—
Structure of the rat brain: An open access atlas with global nervous system nomenclature
ontology and flatmaps, Swanson L (2018) (Swanson, 2004), which corresponds to the
histological section in A, indicating the different cortical layers numbered with Roman numerals
from superficial to deep (I-VI). C. A 3D image of a 438.9 pum x 438.9 um x 1 mm brain tissue
showing the superficial cortical layers I and II/III as well as the pia mater and glia limitans. The
pia is composed of NeuN+ flat-shape nuclei (red). Juxtaposing below the pia is the glia limitans,
which comprises a continuous layer of high intensity GFAP+ astroglial cell bodies and
processes. (GFAP+: immunoreactive glial fibrillary acidic protein; NeuN+: neuronal nuclei).
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Figure 16. A. Superior view of glia limitans superficialis showing high-intensity GFAP+ cells
(green) (soma and processes). Superior view of a blood vessel (white arrow) penetrating the
cortex; and NeuN+ neuronal nuclei (red). B. Lateral view of a blood vessel (white arrow)
penetrating the cortical parenchyma surrounded by GFAP+ astroglial cells (green) forming the
glia limitans perivascularis; NeuN+ neuronal nuclei are marked in red. C. Schematic
representation of the superficial membranes of the cortex showing that the glia limitans (green)
lies between the pia mater and the cerebral cortex. D. 40 um thick image showing GFAP + cells
(green) within the superficial layer of motor cortex forming glia limitans, DAPI (blue) labelling
of any nucleus within the cortex and the pia mater above the glia limitans.



Figure 17. A. GFAP+ cells covering the cortical surface area form the glia limitans superficialis
and GFAP+ cells surrounding blood vessels B. Enlarged insert from Figure A showing the glia
limitans perivascularis.
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Figure 18. A. Shown superimposed are the three filtered fluorescent light channels that were
used to visually isolate the marker used to label GFAP+ cells in green, NeuN+ cells in red,
and non-selectively mark nuclei of any cell with DAPI+ in blue. B. Using here only the green
channel, GFAP+ cells are highlighted. C. Using the red channel highlights only NeuN+ cells.




Morphological Features of GFAP-Immunoreactive Processes: Effects of Maxillary Molar
Tooth Extraction versus Endodontic Treatment

Tooth extraction (Exo group), had a significant effect on the diameter of astroglial processes within
the orofacial primary motor cortex. The mean diameter of astroglial processes of rats in the Exo
group was significantly smaller than that of rats in the Naive and Sham groups (ANOVA F321=4.10
P= 0.022; post hoc Duncan’s P=0.005, Sham: P= 0.028, respectively) and small, but not
statistically significant, than that of rats in the Endo group. In contrast, the mean diameter of
astroglial processes of rats of the Endo group was similar to that of rats in the Naive and Sham
groups (post hoc Duncan’s P=0.148, 0.569, respectively), and was larger, but not statistically
significant than that of rats in the Exo group (post hoc Duncan’s p=0.066) (Fig. 19 A).

Tooth extraction, but not endodontic treatment, also had a significant effect on the straightness of
astroglial processes. In comparison to Naive and Sham groups, in the Exo group the astroglial
processes were significantly straighter (ANOVA F321=3.77 P=0.030; post hoc Duncan’s P=0.011,
0.032, respectively) (Fig. 19 B).

A B
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Figure 19. A. Mean diameter (A) and straightness (B) of astroglial processes. Tooth extraction
was associated with a significantly smaller diameter and straighter astroglial processes.

No significant differences were found across the study groups in the volume, surface area to
volume ratio, and length of astroglia processes (ANOVA, p > 0.050) (Fig. 20).
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Figure 20. A. Percentage volume. B. Ratio surface area to volume. C. Length



Discussion

This study has successfully applied, for the first time, the novel Clear Lipid-exchanged
Acrylamide-hybridized Rigid Imaging-compatible Tissue-hYdrogel (CLARITY) technique to the
orofacial primary motor cortex, rendering a 2 mm-thick section optically clear. With subsequent
immunohistochemistry and the aid of light sheet microscopy we have successfully obtained, for
the first time, large-volume high-resolution 3D images of a large block of cortex showing astroglia
and neurones within the superficial layers (I-III) of a cortical region that we have previously
identified as the centre of the orofacial primary motor cortex of adult male Sprague-Dawley rats.
This study has also applied, for the first time, the Imaris software to automatically quantify
morphological features of astroglial processes and test the effects of endodontic treatment versus
tooth extraction on theses morphological features. Our novel findings suggest that tooth extraction
has a statistically significant effect, one week later, on the morphological features of astroglial
cells within the superficial layers of the rat orofacial primary motor cortex. Our results indicate
that in comparison with Naive rats and sham operated rats, tooth extraction is associated with
thinner and straighter astroglial processes. On the other hand, endodontic treatment has no
statistically significant effect on the morphological features of astroglial cells. The mean diameter
and straightness of astroglial processes within the primary orofacial motor cortex of rats receiving
endodontic treatment were similar to those in naive rats and those in rats receiving sham operation.
As discussed below, the differential effects of tooth extraction versus endodontic treatment on the
morphological features of astroglia within the orofacial primary motor cortex may reflect
differences in the rat sensory-motor function and functional adaptation (or maladaptation) to
changes in orofacial sensory-motor functions induced by these treatments.

3D Visualisation of Astroglia with CLARITY

Astroglia communicate with each other and with neurones through an extensive network of
processes that span within and through different regions and layers of the brain. Exploring their
complex anatomy and connectivity requires 3D imaging of intact thick brain tissues. Conventional
immunohistochemistry relies on a selective selection of a certain number of thin sections measured
in a few um up to several tens of pm out of a whole brain specimen. This unavoidably results in a
loss of information and an inability to achieve 3D high-resolution images of complex
cytoarchitecture that spans few millimeters or even centimeters within thick brain tissues or even
the whole brain. Moreover, conventional immunohistochemistry is an irreversible process
involving mounting of brain sections on slides. Thus, the slightest mistake in the process can ruin
the whole sample or even a whole experiment. It also does not allow for re-staining or additional
staining. The CLARITY technique, however, can overcome all these limitations of the
conventional technique. CLARITY is based on the creation of a hydrogel scaffolding that stabilises
the brain tissue and allows for membrane lipids to be removed without loss of the structural details
and antigenicity of the tissues therein. This results in an intact, optically-transparent brain tissue
that is permeable to large molecules and their chromophores including cellular antibodies for
immunofluorescence labelling. It also facilitates 3D imaging of cells within a whole brain or thick
tissue sections. In addition, there is no need for irreversible mounting, and the cleared tissue
samples can be stored for months and go through multiple rounds of immunostaining with different
fluorophores, which is particularly useful for multiplexing beyond the limits of spectral separation



(i.e., using multiple fluorophores that absorb and emit light in different parts of the visible spectrum
in order to detect multiple molecules in a tissue) (Miller & Rothstein, 2016; Tomer et al., 2014a).
In the present study we used and optimised immunostaining with Anti-GFAP, which is a standard
and specific marker of astroglial filaments (Bastrup & Larsen, 2017; Bignami & Dahl, 1977;
Chung & Deisseroth, 2013b; Costantini et al., 2015; Eng et al., 2000; Garcia-Cabezas et al., 2016;
Tomer et al., 2014a), and Anti-NeuN, which is a standard and specific marker of neuronal nuclei
(Gusel'nikova & Korzhevskiy, 2015; Kim et al.; Mullen et al., 1992). We also used DAPI, which
is a blue-fluorescent stain of nuclear DNA in any cell. Thus, the present study has successfully
applied for the first time the CLARITY technique to optically clear a 2 mm-thick sections of the
orofacial primary motor cortex and has successfully optimised immunostaining of astroglial cells
as well as neurones.

The novel light sheet microscope allows for high-speed and high-resolution 3D imaging of few
millimeters- to a few centimeters-thick intact cleared tissues. Thus, the light sheet microscopy can
exploit the CLARITY potential for 3D imaging of large populations of cells with complex
cytoarchitecture spanning millimetres or even centimeters within an intact brain tissue (Dodt et al.,
2007; Silvestri et al., 2015; Stefaniuk et al., 2016; Tomer et al., 2014a). However, these images
generate an enormous amount of data that cannot be quantified manually. The Bitplane Imaris
software can overcome this problem by allowing automatic identification and quantification of
some morphological features of cells in the brain. Noteworthy is that the present study is the first
to utilise the Imaris software for automatic identification and quantification of morphological
features of astroglial processes in a large volume of brain tissue within the orofacial motor cortex
layer L.

3D Characterisation of Astroglial and Neuronal Cytoarchitecture and Morphology within
the Superficial Layers of the Rat Orofacial Primary Motor Cortex

This is the first study to provide large-volume (~0.5 x 0.5 x 1 mm?) high-resolution 3D images of
the highly organised laminar cytoarchitecture of the superficial layers of the orofacial primary
motor cortex. Our findings are consistent with findings of published studies that have utilised
conventional immunohistochemistry and histology. Of particular note is the abundance of neuronal
nuclei within layers II/III and their sparse distribution in layer I. In contrast, the highly organized
astroglial cells are sparse in layers II/IIl but abundant in layer I and form a dense network of
processes, some of which project to the most superficial layer of the cortex known as the glia
limitans superficialis (glial limiting membrane). Indeed, other studies have shown that in cortical
layers II and III, the mean astroglia-to-neuron ratio is approximately 1:5 (Fleischhauer & Vossel,
1979; Kalman & Hajos, 1989; Takata & Hirase, 2008) and there is 1.6 times higher density of
astroglial cells in layer I than in layers II and III (Takata & Hirase, 2008).

The finding of NeuN+ flat cells in the pia mater may correspond to a novel discovery. It has been
published that meninges may serve as a source for delivery of neural precursors (Bifari et al., 2015;
Nakagomi & Matsuyama, 2017); however, NeuN is not found in immature neural progenitor cells
as long as they are not out of the cell cycle (Gusel'nikova & Korzhevskiy, 2015; Sarnat et al., 1998;
Wolf et al., 1996). Moreover, the pia mater is a highly vascularized layer (Adeeb et al., 2013),
therefore, the presence of NeuN+ cells in the pia mater might correspond to the vascular
innervation of blood vessels (Pigolkin Yu et al., 1985). Interestingly, it is currently accepted that



small cerebral vessels and pia mater are insensitive to pain and that intracranial pain-sensitive
structures are limited to the dura mater and its feeding pain (evidence is based on animal models)
(Messlinger et al., 2008). However, this is inconsistent with recent observations from
neurosurgeons while performing awake craniotomies in humans, suggesting that cerebral distal
vessels and pia mater might actually be sensitive to mechanical stimuli and induce acute pain
referred in the head (Fontaine & Almairac, 2017; Fontaine et al., 2018).

The glia limitans superficialis is a continuous layer composed of astroglial soma and a dense
meshwork of astroglia processes that are firmly attached to an outer basal lamina that makes
intimate contact with cells of the pia mater (Karasek, Swiltoslawski, and Zieliniska 2004, Liu et
al. 2013). In addition, astroglial processes tightly ensheath the blood vessels that penetrate into the
cortical parenchyma. This nearly-complete coverage of blood vessels through abundant astroglial
endfeets is known as the ‘glia limitans perivascularis’. The glia limitans superficialis is continuous
with the glia limitans perivascularis and together they play a role in the control of the blood-brain
barrier (BBB) (Quintana, 2017). In addition, the perivascular endfeet can release vasoactive
substances that can mediate cerebral ‘functional hyperemia’, i.e., the increased or decreased
cerebral blood flow associated with increased or decreased neuronal activity (Dunn & Nelson,
2014; MacVicar & Newman).

The finding of a rich network of astroglial cells within the superficial layers of the orofacial
primary motor cortex supports previously published data (Awamleh et al., 2015) suggesting that
superficial astroglial cells are involved in modulating motor cortex functional neuroplasticity (i.e.,
decreased excitability) induced by acute noxious stimulation of the dental pulp. This study has
shown that application of an astroglial inhibitor to the surface of the orofacial primary motor cortex
could reverse the neuroplasticity induced by the noxious stimulation (Awamleh et al.,
2015). While it was unclear from the study what the exact cortical site of action of the astroglial
inhibitor was, it likely diffused into the cortex to exert its effects, at least in part, on astroglial cells
within the superficial cortical layers.

While the present study utilized the CLARITY immunohistochemistry in 2 mm-thick brain tissue
to explore morphological features of marginal astroglial cells with layer I of the orofacial primary
motor cortex, most of the available studies exploring astroglial structure and morphology have
used mice and not rats as well as monkeys and human, and have characterised protoplasmic
astroglia within layer II — VI of different cerebral cortical regions (Oberheim et al., 2009;
Oberheim et al., 2008; Rodriguez et al., 2009; Sun et al., 2010; Wilhelmsson et al., 2004)(Miller
& Rothstein). In addition, the majority of these studies have utilised the conventional
immunohistochemistry technique using small (mm) and thin (40pm) brain sections which contain
only few astroglial cells and used immunolabelling with different markers of astroglial cells (e.g.,
S-100, Glt, ALDAI1L, GFAP), high-magnification (60x) imaging techniques and subsequent
manual quantification of morphological features such as total diameter of the labeled astroglia,
number of processes, the length of the processes, and the diameter of the soma or the thickest
astroglial process. Therefore, we could not have made any comparison with published data. We
have found that the mean diameter of astroglial processes within layer I ranged between 0.46 —
5.00 um and the Mean + SEM was 1.71 +0.15 pm. Oberheim et al found in mice that the thickest
process measured 2.6 um + 0.2 pm (Oberheim et al., 2009).



In a recent published study, Miller and Rothstein (Miller & Rothstein, 2016) have utilised the
CLARITY technique in transgenic mice expressing the astroglial proteins glutamate transporter
(GItl) and tdTomato-astros, and further immunolabelled with GFAP. By utilising single- and
multi-photon microscopy to image 0.5- to 1.0 mm-thick brain tissue, they have characterised the
laminar distribution of the different astroglial markers. However, they have not provided any
details related to the cytoarchitecture and morphological features of the rich network of GFAP+
astroglial processes within the cortical layer 1.

Morphological Features of GFAP-Immunoreactive Processes: Effects of Maxillary Molar
Tooth Extraction versus Endodontic Treatment

Tooth extraction, but not endodontic treatment, had a statistically significant effect on the
morphological features of astroglial cells within the orofacial primary motor cortex. In comparison
with naive and sham-operated rats, in rats receiving tooth extraction, the astroglial processes were
significantly finer (smaller mean diameter) and straighter, and they were also finer but not
statistically significant than those in rats receiving endodontic treatment. There were no
statistically significant differences between rats receiving endodontic treatment and those
receiving sham operation or no treatment (i.e., the Naive group).

The differences in the effects on cortical astroglial between tooth extraction and endodontic
treatment may be related to differences in the extent of tissue injury, sensory denervation and the
altered motor function. Following tooth extraction there is a major damage to hard and soft tissues
as well as a complete loss of sensory inputs due to the lack of occlusal contacts and the loss of
periodontal as well as pulpal tissues. In contrast, following endodontic treatment the amount of
tissue injury is significantly smaller and there is also only a partial loss of occlusal contacts with
no loss of periodontal ligament. Therefore, it is possible that the changes induced by the endodontic
treatment were not significant enough to result in structural and morphological changes in
astroglial processes, which is consistent with the notion that motor cortex plasticity emerges in
response to significant changes external factors or experiences including changes in orofacial
sensory-motor functions. However, these differences may also provide evidence that the orofacial
primary motor cortex has the capability to adapt and be modelled in a task-dependent manner, but
may also suggest the existence of different underlying mechanisms (Ebner, 2005; Haydon &
Nedergaard, 2014; Monfils, 2005; Remple et al., 2001). It is also possible that the changes induced
by endodontic treatment were too small to be detected by our methods or was within the range of
normal variability and therefore could not be detected. It is important to consider that the analyzed
data was underpowered and a large effect (21-25%) was contemplated for this study (see below
study limitations). Another possibility relates to the reliability of our combined methods (light
sheet microscope 20x objective and Imaris software) to accurately image astroglial processes and
identify and delineate their boundaries for subsequent analysis of morphological features.

Similar study limitations to those described above may also account for our findings that neither
tooth extraction nor endodontic treatment had any significant effect on any of the other measured
variables, including volume (%), surface area (normalised), surface area to volume ratio and sum
length of astroglial processes.



Our findings of decreased dimensions of astroglial processes are consistent with a couple of
previously published studies. In a structural magnetic resonance study in rodents, molar tooth
extraction was associated with a significantly decreased volume of the orofacial primary motor
cortex region as well as other cortical regions involved in processing sensory and motor functions
(Avivi-Arber et al., 2017). Our findings are also consistent with electrophysiological studies
showing that molar tooth extraction is associated with decreased jaw and tongue motor
representations in the orofacial primary motor cortex (Avivi-ArberLee et al., 2015b).

To our best knowledge, no other study has utilized the CLARITY immunohistochemistry to test
the effects of intraoral injury on the morphological features of astroglia within the most superficial
layer 1 of the orofacial primary motor cortex. Nevertheless, the findings of the present study appear
to be in contradiction to the study by Laskawi et al., who have used conventional
immunohistochemistry in rats who underwent transection of the facial motor nerve that supplies
motor innervation to the facial muscles and vibrissae. The facial nerve transection was associated
with increased immunoreactivity of various astroglial antigens in layers I/Il and III/V of the
primary motor cortex including S-100 protein which is a Ca2+-binding protein located mainly in
the astroglial cytosol; GFAP which is a cytoskeletal filament protein, as well as connexin 43 which
is a gap junction protein. The increased immunoreactivity occurred within 1 hour following the
nerve transection and lasted for 2 to 5 days (Laskawi et al., 1997). The difference between their
findings and ours may be due to the amount of peripheral injury, type of injured neural structure
or the post-op time when these changes were sampled.

The findings of the present study of finer and straighter astroglial cells post-extraction also
contradicted the notion that peripheral (e.g., nerve injury) and central (e.g., brain injury) injuries
or neurological diseases (e.g., stroke), always induce astroglial reactivity that manifest in
hypertrophy (i.e., reactive astroglia) within cortical (e.g., sensory and motor cortex) and
subcortical (e.g., brainstem) brain regions. These hypertrophic changes manifest as upregulation
of GFAP expression, increased volumes of soma and processes and increased immunoreactivity
of astroglial antigens including GFAP. Nevertheless, such change depend on many factors
including the type of injury and its severity, and brain region (Bernardinelli et al., 2014; Cheung
et al., 2015; Childers et al., 2014; Genoud et al., 2006a; S. Liddelow & Barres, 2015; Miller &
Rothstein, 2016; Oliet et al., 2001; Perez-Alvarez et al., 2014; Sun & Jakobs, 2012).

The contradicting findings reported in the present study as compared with those reported by other
studies may be related to different study designs such as animal species, type and location of the
injury, as well as the follow-up time since it has been documented that different brain mechanisms
are involved at different points of time. It may also be related to the types of
immunohistochemistry, imaging and data analysis techniques that were applied in the different
studies.

Clinical Implications
It is now clear that astroglia not only provide metabolic support to neurones, but they also play an

integral and even a crucial role in maintaining and partaking in neuronal synaptic activity.
Astroglia release and remove neurotransmitters to and from the synaptic cleft, they can also



provide neurotrophic support and impact synapse formation and pruning and help maintain blood
flow and blood-brain barrier. Significant to the present study, peripheral (e.g., nerve injury) and
central (e.g., brain injury) injuries as well as neurological diseases (e.g., stroke), have been
associated with astroglial plasticity manifested as changes in the structure and function of astroglial
cells. Such changes can have a rapid or slow onset and last for a short duration and/or chronically
and may subsequently enhance or impede recovery of sensory-motor functions following injury or
disease (Bernardinelli et al., 2014; Cheung et al., 2015; Chung & Deisseroth, 2013b; Genoud et
al., 2006b; S. A. Liddelow & Barres, 2017; Miller & Rothstein, 2016; Oliet et al., 2001; Perez-
Alvarez et al., 2014). However, little is known of the involvement, role and underlying
mechanisms of motor cortex astroglia in mediating neuronal response and sensory-motor
behaviour to peripheral injury including following intraoral injury such as tooth extraction and/or
pulpectomy. Nevertheless, this information is of clinical significance since patients receiving
endodontic treatment or tooth extraction develop post-operative sensory-motor impairments such
as pain and limited or altered jaw movement and altered biting forces. For reviews see (Avivi-
ArberMartin et al., 2011; Avivi-Arber & Sessle, 2018a; B. Sessle et al., 2013; TrulssonVan der
BiltCarlssonGotfredsenLarssonMueller et al., 2012) Moreover, in a significant number of patients
these acute impairments may develop into a chronic sensory-motor conditions such as chronic
orofacial pain, phantom bite or occlusal dysaesthesia (Hara et al., 2012; Kelleher et al., 2017;
Marbach & Raphael, 2000; Melis & Zawawi, 2015; Nixdorfet al., 2012; Polycarpou et al., 2005b).
For example, in 5-12% of the patients undergoing endodontic treatment and in 3% of the patient
receiving tooth extraction, acute pain develops into a chronic pain condition (Donald R. Nixdorf
et al., 2010; D. R. NixdorfE. J. Moana-Filho et al., 2010; Polycarpou et al., 2005a) Thus, a better
understanding of the mechanisms underlying the development, maintenance and resolution of
these conditions is crucial for the development of improved therapeutic strategies that target, for
example, astroglial processes.

Study Limitations and Future Directions

The present study has successfully utilized the CLARITY immunohistochemistry technique in 1-
2 mm-thick brain tissue in order to characterise cytoarchitecture and morphological features of
astroglia and neurons within the superficial layers of the orofacial primary motor cortex, and to
quantify the effects of tooth extraction versus endodontic treatment on these features.

The CLARITY immunohistochemistry is a multi-step technique that requires significant
optimization and thus a large number of factors may affect the accuracy of the outcome. These
include quality of the fluorescence images that can be affected by the adequacy of the animal
perfusion, degassing the hydrogel solution to generate as little as possible air bubbles within the
tissue, volumetric changes in the tissue after clearing, the quality and concentration of the
antibodies and their ability to penetrate the full thickness of the brain section to achieve a high
signal-to-background noise ratio and minimize nonspecific antibody binding. In the present study,
although we have strictly adhered to the protocol for all brain samples, technical problems have
precluded the inclusion of all animal samples in the final data analysis, which may have affected
the statistical power by increasing the variance.

In general, statistical power is affected by the intervention effect size and the size of
the sample used to detect effect of treatment. In the present study a large effect size (21-25%) was



estimated, based on our previously published studies. Due to the exclusion of some rats from all
four groups, reducing the sample size to 6 or even 5 per group, it is possible the study did not have
enough power to detect small changes induced by endodontic treatment. Moreover, it is also
possible that the effect of endodontic treatment is smaller than the proposed effect size (i.e., lesser
than 21-25%).

Expression of GFAP has become a prototypical marker for immunohistochemical identification of
astroglial cells (Sofroniew & Vinters, 2010). It is also the oldest and most well-documented
astroglial marker. GFAP is the key component responsible for assembly and extension of
intermediate filaments inside the extended and thickened astroglial processes in astroglia reacting
to injury (McKeon & Benarroch, 2018).

Another important limitation is that antibodies against GFAP label only the main processes of an
astroglial cell that contains intermediate filaments, without labelling the full length of the main
processes or its fine distal processes. In fact, GFAP delineates only approximately 15% to 20% of
the total volume of astroglial cells in the cortex, leaving the true morphology undetected (Sun &
Jakobs, 2012). Therefore, the method we used may have underestimated the effect of treatments
on finer branches of the studied astroglia, and the pattern and 3D territory each cell occupies in
naive, sham and treated rats.

Another important limitation to consider is that the red blood cells naturally fluoresce across
multiple wavelengths, expressing the emission and excitation spectra of many commonly used
fluorescent reporters, including antibodies, dyes, stains, probes, and transgenic proteins, making it
difficult to distinguish assay fluorescence from endogenous fluorescence (Whittington & Wray,
2017). In our study, we were able to identify > 6 pm-thick GFAP+ structures that were consistent
with blood-filled blood vessels in animals that had incomplete ing transcardial perfusion. Such
structures interfered with the immunofluorescent staining and complicated data analysis.

A drawback that results from using light sheet microscopy is the appearance of artifactual stripes
that result from the unilateral illumination of the brain samples and the existence of optical
obstacles (e.g., bubbles) that obscure the light sheet and result in light scattering and/or absorption.
This typically leads to dark and bright stripes in the images impeding accurate morphometric
analysis (see Chapter 2).

The use of only male rats precluded any assessment of possible sex differences that were
documented in the sensory and motor effects of rats and humans to orofacial noxious stimuli
(Cairns et al., 2001, 2002, 2003; Komiyama et al. 2005) and also in our preliminary data. Future
studies could make use of both male and female rats to investigate possible sex differences in the
effects of endodontic treatment and tooth extraction on the morphological features of astroglial
cells within the orofacial primary motor cortex.

Future studies with a larger number of animals that would interrogate possible structural changes
following oral treatment at different postoperative time points could unravel morphological
features of astroglial at other cortical layers (e.g. Layers IV - VI) and thereby add further insights
into differential time-dependent roles of astroglial cells in orofacial primary motor cortex changes
after endodontic treatment and tooth extraction.



To date, astroglia are still misunderstood and unknown. Enabling scientists to obtain high-
resolution volumetric imaging of thick clear tissue and the ability to quantify morphometric
features, will likely yield groundbreaking findings that would improve our understanding of
astroglial plasticity in health and disease.

Conclusions

Considering the crucial role that astroglia play in supporting and modulating neuronal activity in
health and disease, and since injury and disease can induce rapid and chronic changes in astroglial
structure and function which can either facilitate or impede sensory-motor recovery, developing
novel methods to study astroglial structure is of paramount importance in neurophysiology
research. Thus, our modified and optimised CLARITY immunohistochemistry technique along
with our automatic Imaris software analysis protocol provide a novel tool to characterise astroglial
morphology and plasticity in health and following injury or in disease.

Our novel findings of the laminar organisation of astroglia and neurones within the orofacial
primary motor cortex and that tooth extraction, but not endodontic treatment, produces significant
changes in morphological features of astroglial processes, facilitate pursuing future research
directions to address the role of astroglia within the orofacial primary motor cortex in normal and
pathological conditions. They also suggest that astroglia cells are a new and promising target for
improved therapeutic interventions and prevention of impaired sensory-motor functions induced
by injury or disease.
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