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Thesis title

Central and Peripheral Nervous System Injuries: Evidence of Demyelination and

Remyelination
Abstract

Myelin is a fatty insulator that aids in the speeding up of electrical impulses or communication
between neurons in the nervous system. However, the processes driving cell death that aggravates
demyelination remain elusive. This thesis focuses on understanding cell death mechanisms in the
white matter lesions of the central nervous system (CNS) and changes in mitochondrial protein
following post-traumatic brain injury (p-TBI) from the early to late stages. We developed a
peripheral nervous system (PNS) surgical sciatic nerve injury (SNI) model that can induce
demyelination in Sprague Dawley (SD) young male rats using a single partial sciatic nerve suture
surgery. Further, Teriflunomide (TF) administration promoted recovery and remyelination in the
rats with central and peripheral nervous system injuries. In addition, we showed application of the
developed model. For this we used a natural compound analogue, as a fluorophore. This showed
promising results in vitro, in vivo and tissue sections by labelling the mitochondria. The
fluorescence was observed using Perkin Elmer in vivo imaging by injecting the fluorophore in the
rat sciatic nerve model . The weight-drop approach was used to generate traumatic brain injury
(TBI) young SD-rats. Immunostaining and immunoblots were used to explore cell death
mechanisms and demyelination. To investigate mitochondrial protein changes, proteomic
investigations as well as matrix-assisted laser desorption/ionization mass spectrometry (MALDI-
MS) was carried out. Histology and immunostaining demonstrate demyelination or myelin loss
from early to severe phases after a post-sciatic nerve injury (p-SNI) to the sciatic nerve, with no
self-recovery. The rotarod test confirms the nerve-damaged rats' lack of motor function.
Transmission electron microscopic (TEM) imaging of nerve-damaged rats reveals axonal atrophy
and inter-axonal gaps. However, TF treatment reversed cell death pathways by inhibiting
endoplasmic reticulum (ER) stress and promoted remyelination in rats with brain injuries related to
CNS. Similarly, our findings in PNS following p-SNI rats noted subsequent remyelination after TF
administration. Additionally, to test the efficacy of our PNS surgical model , we used a
synthesized compound which showed promising results 7z wvivo, ex wvivo, and in vitro as a
mitochondrial dye.

Keywords: Central nervous system * Traumatic brain injury * Peripheral nervous system * Sciatic
nerve injury * Pro-inflammation - ER-stress - Mitochondrial apoptotic pathway - Demyelination °
Teriflunomide Therapy - Remyelination - Fluorophore.
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Chapter 1

Pro-inflammation ER-Mitochondrial Mediated Demyelination following
Traumatic Brain Injury: Teriflunomide Attenuate Cell Death and Promote

Myelin Restoration
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I. Abstract

In central nervous system (CNS), researchers tend to concentrate on the grey matter because of
the neuronal cell bodies which are extremely difficult to recover following injury. Aside from that,
there is a scarcity of anti-inflammation and myelin regeneration therapies for traumatic brain injury
(TBI). This study sought to shed light on the relevance of white matter, which are highly
composed of axonal fibres that aid in neural transmission. Teriflunomide (TF), repurposed for the
first time on TBI rats. Using a TBI rat model, we damage the rat brain white matter. We find the
active period of pro-inflammation, ER stress and mitochondrial apoptotic pathway of cell death
and demyelination in rat brain white matter lesions following TBI. Further we investigate the
changes in mitochondrial protein of rat brain following TBI. Our results uncover pro-
inflammation triggers ER stress and activate mitochondrial apoptotic pathway of cell death and
promote demyelination in rat brain white matter lesions. We show mitochondrial protein
alterations in injured rat brain which may aid in the discovery of new cell death indicators. TF
attenuates pro-inflaimmation and inhibits ER stress and reverses mitochondrial apoptotic mode of
cell death with scientific evidences of recovery and myelin restoration.

Keywords: White matter injury, pro-inflaimmation, mitochondrial dysfunction, demyelination,

Teriflunomide, remyelination
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Introduction

Dempyelination is the abnormal process in which the myelin sheath, which protects the
axons for proper neural transmission or neuronal communication, is lost or damaged. Myelin loss
compromises both axon survival and the flow of electrical impulses in local circuits. Clinical
disability arises as a result over time [1]. Many neurodegenerative diseases, persistent inflammatory

demyelinating polyneuropathy, and nervous system injuries can all result in demyelination.

TBI is generally caused by a forceful impact on the head, which results in a concussive
head injury or diffuse damage [2, 3]. Recent studies have indicated that pathological alterations are
generated by the influence on the brain, stressing the importance of white matter integrity, which
includes axons [4, 5]. White matter atrophy has a limited chance of healing due to the loss of
neuronal cell bodies [6, 7]. Demyelination is the term used to describe white matter lesions that are

characterized by myelin sheath loss and oligodendrocytic cell death.

Traumatic Brain Injury

Clearance of debris by
macrophage/microglia

Myelin debris

Demyelination

Z20xmcacmzZ

25 Myelin
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Activated macrophages in the damaged brain secrete cytokines; producing inflammation and
promoting ER stress [8]. The aberrant build-up of unfolded proteins response (UPR) under ER
stress occurs in the release of a protein chaperone (BiP) from the ER stress sensors and activates
activating transcription factor 6 (ATFG6), which translocates into the cytoplasm [9]. The Golgi
apparatus proteases S1P and S2P break the translocated ATF6 sensors into pieces that migrate into

the nucleus and trigger increased inflammation in numerous neurodegenerative diseases [10, 11].
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< Caspases
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Mitochondrion plays a crucial role in cell survival and death. Mitochondrial carrier homolog 1
(MTCHLI1) is a pro-apoptotic protein found in the mitochondrial outer membrane that functions as
a receptor for truncated BID (tBID) [12, 13]. Under stress conditions, MTCHI1 triggers BID to
truncated form tBID where it promotes BAK (pro-apoptotic protein) oligomerization and
cytochrome C release [14]. Bcl-2 associated death promoter (BAD), on the other hand, displaces
BAX/BAK from BCL-xL to induce oligomerization and cytochrome C release [15]. After
oligomerization in reaction to cytochrome C release, apoptotic protease activating factor-1 (Apaf-
1) forms a massive complex called an apoptosome, further activating the caspase cascade and

promoting cell death [16].
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Teriflunomide (TF) administration following
p-TBI (10mg/kg body weight)
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Prediction, Teriflunomide (TF) administration supresses pro-inflammation, ER stress inhibition,
reverses mitochondrial apoptotic pathway mechanism, and promotes myelin restoration or

remyelination by resident oligodendrocyte progenitor cells differentiation and maturation.
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TF is an oral immunomodulatory FDA approved drug for the treatment of relapsing-
remitting demyelinating illnesses in multiple sclerosis [17, 18]. TF suppresses dihydroorotate
dehydrogenase, which inhibits pyrimidine production and promotes oligodendroglial
differentiation and myelination. A small dose of TF causes the cell cycle to exit, whereas a larger

dose causes a reduction in cell survival [19].

To address the possibilities and active period of this mechanism in white matter lesions of
rat-injured brains, we utilized the traditional weight drop method model as an approach to induce
TBI in rats and damage the rat white matter. We found the activated macrophage-secreted
cytokines under inflammatory stimuli trigger ER stress that lasts for a week. Further, ER stress
activated mitochondrial apoptotic pathways to promote cell death resulted in enhanced
demyelination for more than three weeks following TBI. We noted mitochondrial protein
alterations in one week injured rat brains which are with functional properties such as oxidative
phosphorylation, detoxification, respiratory chain, proteins misfolding and refolding, and
apoptosis. These altered proteins are appropriate for the development of new cell death indicators.
TF administration inactivated the macrophages and reduced the cytokine secretion in injured rat
brain white matter lesions. Inhibition of ER stress reversed the mitochondrial apoptotic pathway
and stimulated myelin restoration or remyelination. Interestingly, TF treatment restored the altered

mitochondrial proteins.
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Ethics Statement: All the animal experiments were carried out after the approval of the

institutional animal ethical committee (UH/IAEC/PPB/2023-1/08), University of Hyderabad,

India. Species- Sprague Dawley (SD) rats (3 months old, 220-250 g male) were purchased from the
National Institute of Nutrition (NIN), Hyderabad. As per the experimental requirement, animals
were acclimatized in the animal house facility, University of Hyderabad before 10 days of the
experiments (Reg number: 151/1999/CPCSEA). The animals were housed in cages with an
ambient temperature of 24 °C, constant and standard air humidity, natural day and night cycles,

quality food, and water ad /ibitum.

Estimation of sample size by Power Analysis approach using G*Power 3.1 software:

Cohen 1998 and Navarro 2015 proposed three categories of effect sizes:
0.2 (small effect size), difference is unimportant between the groups
0.5 (medium effect size), difference is important between the groups

0.8 (larger effect size), difference is highly important between the groups

Effect size was obtained based on the previous studies on demyelination in the animal models and
TF treatment to promote anti-inflaimmation and remyelination [20, 21]. Significant differences

between the groups are highly important.

To determine the sample size, in this study, we employed a larger effect size f (0.8), a-err prob

(0.05), power (1 B-err prob) (0.8), number of groups (Experiment 1: 3 groups), as per the Cohen's

standard effect size.

In Experiment 1, the sample size is # = 21/3 groups, therefore » = 7/group. Nonetheless,
like in previous studies, we utilized #» = 6/group.
Experiment 1. Histology and immunostaining elucidates the pro-inflammation that initiates ER-
stress which generates the activation of mitochondrial apoptotic pathway and promotes

demyelination from early to late phases based on pro-longed time periods after p-TBI to rats.

Number of animals

Animal group Species, age, weight, and sex per group (1
Sham SD-male rats, 8-week-old, and weighing 220- 6
250 g
48 h p-TBI SD-male rats, 8-week-old, and weighing 220- 6
250 g
7 d p-TBI SD-male rats, 8-week-old, and weighing 220- 6

250 g




To determine the sample size, in this study, we employed a larger effect size f (0.7), a-err prob

(0.05), power (1 B-etr prob) (0.8), number of groups (Experiment 2: 5 groups), as per the Cohen's

standard effect size.

In Experiment 2, the sample size is #» = 30/5 groups, therefore # = 6/group.
Experiment 2. Histology, immunostaining, and western blotting exhibits the anti-inflammation,
ER stress associated mitochondrial apoptotic pathway inactivation, and myelin restoration or

remyelination in TF administered rat brains after p-TBL

Number of animals

Animal group Species, age, weight, and sex per group (1)

SD-male rats, 8-week-young, and weighing

Vehicle 220-250 g 6
SD-male rats, 8-week-young, and weighing

48 h p-TBI 220-250 ¢ 6
SD-male rats, 8-week-young, and weighing

7 d p-TBI 220-250 o 6
SD-male rats, 8-week-young, and weighing

21 dp-TBI 220-250 ¢ 6

TF administered SD-male rats, 8-week-young, and weighing 6

rats group 220-250 g

Note. For pathology, experiment 2 utilizes 7 d p-TBI group aforementioned in Experiment 1
being compared to Vehicle and TF groups. Experiment 2 utlized #» = 6 rats/condition for
pathological studies; #» = 6 rats/condition for western blotting of vehicle, 48 h, 7 d p-TBI, 21 d p-
TBI, and TF administered rats group.

To determine the sample size, in this study, we employed a larger effect size f (0.8), a-err prob
(0.05), power (1 B-err prob) (0.8), number of groups (Experiment 3: 3 groups) as per the Cohen's
standard effect size.

In Experiment 3, the sample size is # = 21/3 groups. Nonetheless, we employed 7 =
6/group as per previous studies to maintain animal numbers consistency across all groups.
Experiment 3. 2D-gel electrophoresis and MALDI-MS proteomics studies of rat brain
mitochondrial samples (Vehicle, 4 d p-TBI, and TF administered rat group) for the identification

of future novel cell death indicators.
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Number of

Animal group Species, age, weight, and sex animals per group
(1)
1 1 -week-
Vehicle Sprague Dawley (SD) male rats, 8-wee 6
old, and weighing 220-250 g
7d p-SNI Sprague Dawley (SD) male rats, 8-week- 6
old, and weighing 220-250 g
TF administered rats Sprague Dawley (SD) male rats, 8-week- 6

group old, and weighing 220-250 g

We used a sample size of # = 6/condition since the entire experiment was conducted on SD-rats

and # = 6 is the typical sample size for rat models.

Animal groups for CNS: Rats were weighed and anaesthetized through intraperitoneal
administration. Avertin (2, 2, 2-Tribromoethanol 1.25 g, 2-Methyl-2-Butanol-2.5 ml per 100 ml)
Dose: 150 mg/kg of body weight or 12.4 ml/kg of body weight of the animal model. Site:
intraperitoneal, Volumes: 3 ml/250 g of selected SD rats. Sham (SH) group (» = 6) animals were
placed on the weight drop platform without inducing TBI or dropping weight on the head and this
group only used to compare among the experimental injury groups. Vehicle (VEH) treated (# = 0)
[carboxymethylcellulose made up to 0.06% (w/v) in water, to which Tween 80 was added to reach
a final concentration of 0.5% (v/v)] without compound, administered orally for 2 weeks on
alternate days to the control rats to check the adverse effect and this group only used to compare
among the injury and treatment groups. 48 hour (48 h) p-TBI experimental animal group (» = 6)
represents a separate batch of TBI induced rats which were maintained for 48 h followed by
euthanasia to study the pathological alterations at 48 h p-TBI point. 7 days (7 d) p-TBI
experimental animal group (# = 6) represents TBI induced rats which were maintained for 7 d
followed by euthanasia to study the pathological alterations at 7 d p-TBI point. A separate group
of rats (7 = 6) were anesthetized, and TBI was induced by the weight-drop method and the animals
were maintained for 21 days (21 d) followed by euthanasia to study the pathological alterations at
21 d p-TBI (# = 6). Teriflunomide (TF) treatment group (7 = 6) represents the drug administered
group which received their first dose of TF 10 mg/kg body weight soon after the recovery from
anaesthesia  after experimental head injury. Compound formulation dissolved in
carboxymethylcellulose made up to 0.06% (w/v) in watet, to which Tween 80 was added to reach a
final concentration of 0.5% (v/v). TF treatment continued for 2 weeks on alternate days, followed

by euthanasia, and brains were excised to study the pathological alterations.
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T'BI test apparatus for rats: Approximately 200 g mill weights, along with an attached metal loop

at the top, were used to induce TBI in rats. A fishing line or thread was tied at the loop to allow
the weight to pass freely. Care was taken to tape or stick the scored tin aluminium foil to the U-
shaped stage made up of clear plastic with a collection of sponge bottoms. A column pipe was set
with a fixing stand that can pass the mill weights freely from top to bottom. Holes were drilled on
either side of the vertical column pipe at an experimental height of 90 cm with a drilling machine
to use the key pin which holds the mill weights in the middle of the column pipe.

Inducing TBI in rats: weight Drop method: Rats were anesthetized and rapidly put on the

surface of the tin foil U-shaped stage, facing the open side, and positioned the chest towards the
foil's underside. The rat head was positioned exactly below the experimental column pipe by
maintaining 10 cm distance. Mill weights were dropped from the top of the fixed column pipe and
stopped at a height of 90 cm from the bottom by inserting a key pin in the drilled holes of the
column pipe. The key pin was pulled and mill weights were passed from the column pipe and
strike the rat head to induce TBI experimentally. Soon after the strike, the rats were made a rapid
rotation of 180 °C and landed on the sponge in the supine position. Immediately, 2% lignocaine
gel was applied to the rat head with a cotton ball for all the experimental rat groups. Rats are
transferred to the recovery chamber and Weight Drop Method

placed in a supine position. For the sham
group, rats were placed on the tin foil
without pulling the key pin to avoid the
mill weights striking the head. 2%
lignhocaine gel was applied to the rats'
heads, and then the rats were shifted to
the recovery chamber in a supine position.

Individual experiments were done on each

rat to induce TBI by repeating the weight

drop method apparatus setup.

TF administration: After 10 d p-SNI, rats were sedated, and the partial ligation or suture was
removed, and the rats were given their TF doses after recovery from anaesthesia (TF provided by
NATCO Pharma Limited, Hyderabad, T.S., India). TF was administered orally at a dos-age of 10
mg/kg body weight through rat oral gavage for two weeks on alternate days [22]. TF was dissolved
in the vehicle: carboxymethylcellulose made up to 0.06% (w/v) in watet, to which Tween-80 was

added to reach a final concentration of 0.5% (v/v). Rats were euthanized shortly after the therapy
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was completed, and sciatic nerves were severed and preserved in 10% formalin for pathological
examinations.

Euthanasia: Rats were euthanized by an overdose of sodium pentobatbital (100 mg/kg) injected
intraperitoneally at different time points. Rats were then perfused and the brain samples were
excised for further studies.

Perfusion fixation: FEuthanized animals were placed on the shallow tray filled with crushed ice.

Under the rib cage, lateral incisions of 5-6 cm were made through the integument and abdominal
wall carefully to separate the liver from the diaphragm, followed by another small incision in the
diaphragm using the curved, blunt scissors, which continued to the entire rib cage along with the
pleural cavity. Lung displacement was done using curved, blunt scissors, and a cut was made
through the rib cage up to the collarbone, followed by a similar cut on the contralateral side. The
tip of the sternum was clamped with the hemostat and placed over the head. A small incision to
the posterior end of the left ventricle using iris scissors was made and a 15-gauge blunt-or olive-
tipped perfusion needle was inserted through the cut ventricle into the ascending aorta. The heart
was clamped using a hemostat to secure the needle and prevent leakage. Finally, an incision was
made in the animal's right atrium using iris scissors to create as large an outlet as possible without
damaging the descending aorta. The outlet port perfusion equipment was attached to the needle
base by avoiding air bubbles, and the 80 mm Hg pressure of the manometer bulb was maintained
throughout the buffer infusion period with a proper needle angle adjustment to achieve the
maximum flow rate. Fixation was almost pumped into the animal and the clear running of the fluid
was monitored. The clearance of the liver was observed, which is an indicative of proper perfusion.
Fixation tremors have been observed within seconds, which can be considered as the true time of
fixation indicator. Further, the pressure was gradually increased up to a maximum of 130 mm Hg
to maintain a steady flow rate. The outlet valve was closed soon after the completion of the
fixation process, followed by the ending time recordings, and the stiffness of the animal was

observed.

Paraffin-embedded tissue sections: Freshly collected brain samples were sliced into 3 mm cross
slices and fixed with 10% formalin for 48 h at room temperature. After fixation, samples were
washed under running tap water for 1 h, followed by dehydration steps using 70%, 80%, and 95%
alcohol changes for 30 min each and 3 changes of 100% alcohol for 1 h each. Brain samples were
cleared in 1 change of xylene for 5 min and another step of xylene + melted paraffin (1:1 ratio for
5 min), followed by immersing the samples in 3 changes of paraffin (Paraplast®-polyisobutylene
mixture, catalog no. P3558-SIGMA—-ALDRICH®) for 1 h each and the brain slices were
embedded in a paraffin block. Brain slice blocks were fixed to the microtome (LEICA RM2145)
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and 10 pm cross sections were cut and floated in a 40 °C maintained water bath containing clear
distilled water. Tissue sections were transferred carefully to the glass slides for further
neuropathological studies.

Haematoxylin and eosin staining (H & E): Formalin-fixed paraffin-embedded FFPE rat brain
corpus callosum cross sections were first deparaffinized by two xylene changes for tissue clearing.
Sections were rehydrated accordingly in different alcohol gradients followed by a water wash. The
processing section slides were then dipped in nuclear stain (Haematoxylin) for 3-5 min and shifted
to the stain (eosin) for extracellular matrix and cytoplasmic staining for 2 min, followed by a water
wash. Following staining, the sections were dehydrated in various alcohol gradients before tissue
clearing with xylene and DPX mounting.

Immunohistochemistry for CNS: Brain cross sections were deparaffinized using a heating pad
and the sections were cleared with xylene. Tissue sections were further rehydrated with alcohol
gradients. The sections were then transferred to antigen retrieval buffer (trypsin 0.05% in 100 ml
of PBS) for 15 min at 37 °C and permeabilized (Triton X-100 0.2% in PBS) followed by one step
of PBS wash. Sections were blocked (BSA 1%, NGS 5% in PBS) and left for 1 h at room
temperature. Approximately 100 ul of diluted primary antibodies of myelin basic protein (MBP)
(AB clonal, A1664, 1:200), CNPase-2, 3-cyclic nucleotide 3-phosphodiesterase (GenScript,
A01308-40, 1:100), S100 Beta EP 32 (PathnSitu, CR070, 1:400), BiP (Santa Cruz Biotechnology,
13539, 1:400), ATF6 (Santa Cruz Biotechnology, 22799, 1:400), CD68 KP 1 (PathnSitu, PM113, 1:
200), and TNFa (Novus Biologicals, NBP1-19532, 1: 200) were applied to the sections and
incubated for 30 min at room temperature, followed by a PBS wash. Approximately 100 pl of
diluted biotinylated secondary antibody was applied to the sections and incubated for 30 min at
room temperature by protecting them from sunlight, followed by PBS washes, and then DAB
substrate solution was applied to the sections with repeated PBS washes. Haematoxylin is used for
counter-staining the sections followed by the water wash, dehydrated in graded alcohol steps, and
then DPX mounted.

Western blotting: Rat brains were dissected and brains are homogenised in

Radioimmunoprecipitation assay buffer (RIPA) buffer (Sigma Aldrich, R0278) containing protease
inhibitors. Protein concentrations were determined by the BCA Assay (Thermo Fisher Scientific).
30 pg per each sample and an equal volume of protein were loaded on gels and further transferred
to nitrocellulose membrane (BIO-RAD) and blocked with 5% skimmed milk and were probed
with the following primary antibodies: TNFa (Novus Biologicals, NBP1-19532, 1: 500), BiP (Santa
Cruz Biotechnology, 13539, 1:500), p-Perk, (Cell Signalling Technology, #3179, 1:1000), BAD
(Cell Signalling Technology, #9291, 1:1000), Bcl-xL (Cell signaling Technology, #2764, 1:1000),
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BAX (Cell Signalling Technology, #2772, 1:1000), Caspase-3 (Novus Biologicals, NBP2-25080,
1:2000), Cleaved caspase-7 (Cell Signalling Technology, #8438, 1:1000), MBP (AB clonal, A1664,
1:500), CNPase -2, 3-cyclic nucleotide 3-phosphodiesterase (GenScript, A01308-40,1: 500),
GAPDH (Cell Signalling Technology, #2118, 1:1000).

Mitochondria isolation: Rat brains were collected and white matter regions are finely minced by
adding around 5 ml of buffer 1: 1.25 ml of 8X mitochondria buffer (10.28 g sucrose for a final
concentration of 0.6 M, 400mg BSA for a final concentration of 0.8%, 2.08 ¢ HEPES for a final

concentration of 160 mM, pH to 7.4 and made-up to 50 ml with distilled water). The minced brain
with the solution was then transferred to the polytron homogenizer. Homogenized tissue samples
were collected into pre-chilled micro-centrifuge tubes and centrifuged at 700g for 10 min at 4 °C.
The supernatant was transferred to new pre-chilled micro-centrifuge tubes and the pellets were
discarded. The supernatant was centrifuged at 10,500g¢ for 10 min at 4 °C and the pellet was re-
suspended in 500 pl of (buffer 2: Add 60 pl of 500 mM EGTA for a final concentration of 3 mM,
0.392 g of D-mannitol for a final concentration of 215 mM, 1.25 ml of 8X mitochondria buffer,
pH to 7.4 and make up to 10 ml with distilled water) and centrifuged at 10,500¢ for 10 min at 4 °C.
The final mitochondrial pellet was suspended in 100 ul of Buffer: 2 followed by a quick spin for
the final mitochondrion for a few seconds. Add 1/100 volume of Protease Inhibitor Solution
(100X) to Lysis Buffer 1 and Buffer 2 (i.e., if using 2 ml of Disruption Buffer, add 20 pl of
Protease Inhibitor Solution). Determine protein concentration using the BCA assay.

2D-gel electrophoresis, Rehydration of IPG strips and First Dimension Separation IEF

(Isoelectric focusing):

The first-dimension separation of 2D-gel is IEF. In this, proteins are separated based on
differences in their isoelectric point (pI) [23].

Mitochondrial protein samples were added to the rehydration tray and the cover removed
from the selected IPG strip pH 4-10, 18 cm, and the gel was allowed to slide down onto the
rehydration buffer in the tray. The tray was overlaid with mineral oil to prevent the evaporation
and precipitation of urea during rehydration and left for 20 h for complete rehydration. The
rehydrated IPG strips were transferred to the IEF tray gel side up using two notches, and the IPG
strips were overlaid with mineral oil and run through the IEF according to the protocol (GE
Healthcare).

IPG strip equilibration and running of the second dimension by SDS-PAGE: following IEF,
the strips were transferred to the new tray gel side up and filled with the recommended volume of
equilibration buffer 1, followed by incubation for 10 minutes. Buffer 1 was removed and

equilibration buffer 2 was added for 10 min of incubation. After equilibration, IPG strips were
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removed and followed by a rinse with SDS—-PAGE running buffer, and the strips were placed on
the prepared 12% SDS-PAGE gel and sealed with 0.5% of agarose solution, and the
electrophoresis unit was run. Comparative studies of the gels for the up-regulation and down-
regulation for the detection of the protein were analysed by IMR software version 7.0.0.GE
Healthcare (all the above experimental protocols and buffers are purchased from GE Healthcare).

In-gel digestion and mass spectrometric analysis of MS: Automated spot cutter was used to

collect the spots of interest. For in-gel digestion, the gel plugs were washed with water twice for 5
min and incubated with 100% acetonitrile for 10 minutes. Then, the gels were dried completely for
at least 30 minutes. The protein in the gel was digested by treatment with TPCK—treated trypsin
in 50 mM ammonium bicarbonate at 37 °C overnight with gentle agitation. After digestion,
peptides were extracted with 50 pl of 50% acetonitrile and 0.1% trifluoroacetic acid (TFA) twice,
concentrated, and extensively treated with ZipTip. Then trypsin digests were mixed with an equal
volume of matrix solution, comprising saturated dihydroxy benzoic acid in 50% acetonitrile and
0.1% TFA. The samples were spotted on a MALDI target plate and subjected to mass
spectrometric analysis. A Q-STAR Pulser-i equipped with a MALDI, source was used for the mass
spectrometric analysis of trypsin digestion. Raw data to mzml file conversion was done using Flex
analysis 3.2 software and followed by the mascot online search engine tool for protein

identification and peptide sequencing.

Statistical analysis: All the immunohistochemistry and western blotting statistical estimations

were quantified as the mean percentage of expression by Image] software. In Sigma plot 71.0 software,
a single group, one sample t-test is used to estimate the Mean = SEM from each individual
experimental animal groups. GraphPad Prism 8.0.2, column analysis, one-way ANOVA test is used

for the multiple comparisons (Tukey test) of the mean and significant p-value.
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IV. Results



1. Pro-inflammation triggered ER stress and stimulate demyelination in rat
brain white matter lesions following TBI (early and mild phases).

We used a well-established weight drop method to injure the rat brain and damage the white
matter. Immunolabeling with CD68 detected macrophages and TNFa detected cytokines in 48 h
post-TBI rat brain white matter cross sections, with an enhanced expression noted in 7 d post-TBI
samples (Fig. 1a-h). BiP immunostaining for ER chaperone binding protein and ATF6 for ER
sensor identified early labelling in 48 h p-TBI rat brain white matter samples, which increased in 7
d p-TBI rat brain white matter samples (Fig. 2a-h). These data describe the role of pro-
inflammation in ER stress at 48 h p-TBI, which was enhanced by 7 d p-TBL

Fig.1 Pro-inflammation in rat brain white matter lesions following p-TBI
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Fig.2 ER stress in rat brain white matter lesions following p-TBI

BiP expression

Micrographs of sham (a, d), 48 h p-TBI (b, €) and 7 d p-TBI (c, f) rat brain white matter cross
section samples immunostained for BiP to detect ER chaperone binding protein release (a-c) and
ATF6 for ATF6 ER sensor activation (d-f). Early BiP expression in b which enhanced in ¢ and
ATFG sensor activation detected in e which enhanced in f. Graphical depiction of ATFG6 in g and
BiP in h. #» = 6/condition. Statistical significance: (ns) P = 0.13, 0.23, **P = 0.01, ***P = <0.001.
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Fig.3 Demyelination in rat brain white matter lesions following p-TBI
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2. Advanced stage of pro-inflammation, ER stress, mitochondrial mediated
cell death and demyelination in rat brain white matter lesions: Teriflunomide
assisted recovery and remyelination

Pro-inflammation aggravated ER stress after 21 d p-TBI inhibited upon TF treatment.

Rat brain white matter lesions cross sections immunostained with CDG68 detected enhanced
macrophages activation and TNFa detected slightly reduced cytokine secretion at 21 d after p-TBI
shown in (Fig. 4c, g, k, 1). However, Immunoblots of brain lysates with TNFu detected gradually
enhanced expression from 48 h to 7 d after p-TBI with a reduced expression noted in 21 d p-TBI
samples (Fig. 4i, j). TF treated p-TBI rat brain white matter lesions cross section samples
immunostained for CD68 detected reduced labelling of macrophages and TNFa detected reduced
labelling of cytokines in a comparison with the experimental rats (Fig. 4a-h, k, 1). In contrast,
Immunoblots of TF treated brain lysates with TNFa noted highly reduced expression among other

experimental rats (Fig. 4i, j).

Immunostaining for BiP to detect ER chaperone binding protein and for ATF6 to detecte
ER sensor activation revealed enhanced labelling of Immunostains in 21 d p-TBI rat brain white
matter lesions cross section samples (Fig. 5c, d, j, k). However, TT treated p-TBI rat brain white
matter sections revealed the reduced labelling of Immunostains for BiP and ATF6 (Fig. 5d, h, j,
k). Immunoblots with BiP and p-PERK of brain lysates detected gradually elevated expression
from 48 h to 21 d after post-TBI with a reduced expression noted in TF treated p-TBI rat brain
lysates (Fig. 5i, 1, m). According to these findings, even if macrophages are active, they lose their
ability to secrete cytokines after 7 d p-TBI in rat brain white matter lesions. However, this time
span is sufficient to induce and aggravate ER stress, which enhanced for more than 21 d following

p-TBI. Interestingly, TF therapy decreased pro-inflammation while inhibiting ER stress.
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Fig.4 Pro-inflammatory in 21 d p-TBI and TF treated rat brain samples being compared

with 7 d p-TBI and vehicle groups.
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Fig.5 ER stress in 21 d p-TBI white inhibited upon TF treatment.
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Mitochondrial apoptotic pathway mediated cell death in p-TBI reversed upon TF therapy
Immunoblots with Bad and Bax, pro-apoptotic proteins show that the proteins receive stress
signals and are gradually overexpressed from 48 h to 21 d after p-TBI brain lysates, that inhibited
cell growth and induced cell death via a mitochondrial-dependent pathway (Fig. 6a-c). Bcl-xL, a
transmembrane anti-apoptotic protein that was progressively overexpressed from 48 h to 21 d
following p-TBI rat brain lysates to suppress apoptosis and Bax inhibition, was immunoblotted
(Fig. 6a, d). Immunoblots of p-TBI rat brain lysates with caspase-3 and cleaved caspase-7
revealed gradual overexpression from 48 h to 7 d p-TBI, with reduced expression of caspase-3 and
increased expression of cleaved caspase-7 identified in 21 d p-TBI rat brain lysates (Fig. 6a, e, f).
Immunoblots of TF treatment p-TBI rat brain lysates revealed reduced expression of pro-
apoptotic proteins bad, bax, and BclxL anti-apoptotic protein. Immunoblots of TF-treated p-TBI
rat brain lysates with caspase-3 and cleaved caspase-7 revealed reduced expression in contrast to
the experimental rats (Fig. 6a-f).

These findings highlight how ER stress signals received by pro-apoptotic and anti-
apoptotic proteins suppressed cell development and triggered the mitochondrial apoptotic pathway
in 21 d p-TBI rat brains. Furthermore, caspase-3 induced apoptosis by damaging cellular
components such as DNA breakage and cytoskeleton protein degradation. Cleaved caspase-7, on
the other hand, aids in the break down of cells. TF therapy inhibited ER stress signals and

suppressed apoptosis by inhibiting pro and anti-apoptotic proteins.

Demyelination at 3 W p-TBI, followed by TF-assisted recovery and remyelination
Preliminary findings using hematoxylin and eosin staining demonstrated the cell morphological
alterations in Fig. 3a-c, as well as evidence for progressively increased myelin loss from 48 h to 7 d
p-TBI using MBP, CNPase, and S100 immunostains (Fig. 3d-0). Further, since the current study
focuses on myelin loss or demyelination in late-stage p-TBI rats, immunostaining with MBP,
CNPase, and S100 revealed accelerated myelin loss or breakdown in 21 d p-TBI rat brain white
matter sections (Fig. 7g, k, o, r-t). Immunoblots of 21 d p-TBI brain lysates with MBP and
CNPase revealed enhanced myelin loss in contrast to the other experimental rats (Fig. 7q, u, v).
Immunohistochemistry with MBP, CNPase, and S100, on the other hand, demonstrated
remyelination or myelin restoration in TF-treated rat brain white matter cross-section samples
following p-TBI (Fig. 7h, 1, p, r-t). Furthermore, immunoblots of brain lysates for MBP, CNPase,
and S100 increased following TF treatment in p-TBI rats (Fig. 7q, u, v). These findings

emphasize the significance of TF in healing and promoting myelin secretion at the injury site.
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Fig.6 Mitochondrial apoptotic pathway associated cell death in p-TBI rat brain lysates

which reversed following TF therapy.

a VEH|48h| 7d |21d] TF b

BAD | =e s g e « | 20kDa p=<0.001 =S
-"“ 37 kDa
BCL-xL W 20 kDa VEH 48h 7d 21d TF
C 50- s
B-Tubulin w 55 kDa D00
407 p=:g.;o1 T
Caspase 3 | e iy S| 35 (Do

Cleaved
Caspase 7 | % = W .- 17 kDa

VEH 48h 7d 21d TF

P

GAPDH

BAD expression
(Western blotting)
»

[F
*

»

o

w
=]
T
\d

Bax expression
(Western blotting)

d g e *okk f *Kk
= = = * **%  p=<0.001
30 . r656; <0.001 40- p=<0.001 p=002 '5 60- p=<0.001 -
€ —~ p=0.006 —— 5 = g ~
22 = 2 D30 x )
B = 50 R 2 8 £ p=0.04 3E
95’ g B ‘9 s : ~3 2
g I ] ¥ [oR]
o £ d S ™ £ 201 N v S E p=:g:01 $
2 © 104 + o 8 g 201
Q2 22 10{ |® B
© ]
8 u
o - : . - 0 9 oo
VEH 48h 7d 21d TF VEH 48h 7d 21d TF VEH 48h 7d 21d TF
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Quantification of immunoblots Bad in b, Bad in ¢, Bcl-xLL in d, caspase 3 in e, and cleaved caspase
7 in f. » = 3/condition. Statistical significance: (ns) P = 0.09, 0.53, 0.68, *P = 0.02, 0.04, **P
= 0.003, 0.006, and ***P = <0.001.
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Fig. 7 Advanced stage of demyelination in 21 d p-TBI rat brain white

assisted myelin restoration or remyelination.
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Fig.7 Photomicrographs of haematoxylin and eosin (a-d), myelin basic protein MBP (e-h), 2, 3’-
cyclic nucleotide 3’-phosphodiesterase CNPase (i-1), and S100 (m-p) in rat brain. Sham (a, e, I,
m), 7 d p-TBI (b, f, j, n), 21 d p-TBI (c, g, k, 0), and TF (d, h, 1, p) cross section samples were
taken from white matter and immunostained for MBP, CNPase, and S100 to detect the percentage
of myelin content. Noted cell morphological alterations in b which enhanced in ¢ and recovery
detected in d. Immunostain for MBP detected myelin loss in f which enhanced in g and myelin
restoration in h. Immunostain for CNPase detected myelin loss in j which enhanced in k and
myelin restoration in 1. Immunostain for S100 detected myelin loss in n whereas increase myelin
loss noted in O and remyelination detected in p. Graphical illustration of MBP in r, CNPase in s,
and S100 in t. Immunoblots of brain lysates from Vehicle, 48 h, 7 d, 21 d, and TF treatment with
antibody to MBP, CNPase, S100 or GAPDH depicted in q. Quantification of immunoblots MBP
in u and CNPase in v. » = 6/condition (immunostaining) and » = 3/condition (immunoblots).
Statistical significance: (ns) P = >0.99, 0.97, *P = 0.04, **P = 0.002, 0.003, 0.004, ***P = <0.001.
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3. Identification and characterization of mitochondrial protein
alterations following one week p-TBI: Restoration upon TF

treatment.
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Fig. 8 Mitochondrial proteins alterations following 1 W p-TBI: Protein restoration upon TF

Treatment
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Fig.8 2D-gels of rat brain mitochondria from Vehicle, 7 d, and TF (3-10 pH, 17 cm
Healthcare, gels were analysed by IMP software version 7 by GE Healthcare). Red spots in a,
indicates matching proteins among VEH, 7 d, and TF. Green spots in a, indicates high intensity
protein with alteration in comparison among VEH, 7 d, and TF. In b up-regulated mitochondrial
proteins detected as GCSH and CHI10, Hspe 1 using MALDI-MS flex analysis 3.2 and mascot
search engine software tools. Quantification of mitochondrial protein spots along with protein

spectra in ¢ and d. #» = 3/condition. Statistical significance: (ns) P = 0.11, *P = 0.03, 0.04, **P =

0.007.
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Fig.9 2D-gels of rat brain mitochondria from Vehicle, 7 d, and TF (3-10 pH, 17 cm size, GE
Healthcare, gels were analysed by IMP software version 7 by GE Healthcare). In (a) down-
regulated mitochondrial proteins detected as COX7B, PRDX3, SPYA, ACADL, ACPM, M2OM,
MTCH1, TTC19, AATM, and IPYR2 using MALDI/TOF MS flex analysis 3.2 and mascot search
engine software tools. Quantification of mitochondrial protein spots along with protein spectra in
b and k. » = 3/condition. Statistical significance: (ns) P = 0.50, 0.46, 0.33, 0.26, *P = 0.05, 0.03,
0.02, 0.01, **P = 0.009, 0.005, 0.003, ***P = <0.001.
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Mitochondrial protein alterations following 7 d p-TBI which are restored upon TF
administration

Mitochondrial proteins were separated using 2D-gel electrophoresis and identified by using
MALDI MS. In comparison with VEH group, we found the differential expression of
mitochondrial proteins in 7 d p-TBI rat brain mitochondria which are restored after TF treatment
(Fig. 8a). Peptide sequences were identified decreased proteins in 7 d p-TBI rat brain
mitochondria as COX7B- Cytochrome ¢ oxidase subunit 7B, PRDX3- Thioredoxin-dependent
peroxide reductase, SPYA- Serine--pyruvate aminotransferase, ACADL- long-chain specific acyl-
CoA dehydrogenase, ACPM- Acyl carrier protein (Fig. 9a, c-d). Mitochondrial proteins, M2OM-
mitochondrial 2-oxoglutarate/malate cartier protein, MTCH1- Mitochondrial catrier homolog 1,
TTC19- Tetratricopeptide repeat protein 19, AATM- Aspartate aminotransferase, and IPYR2-
Inorganic pyrophosphatase 2 which are restored upon TF treatment (Fig. 9b, h-l). Whereas,
Peptide sequences were identified the increased proteins as GCSH-glycine cleavage system H
protein and CH10, Hspel- 10 kDa in 1 W p-TBI rat brain mitochondria (Fig. 8b-d). All these
mitochondrial proteins restored or increased after TF treatment in comparison with VEH and

experimental rats.
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V. Discussion
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This study aimed to demonstrates the active period of pro-inflaimmation that triggers ER
stress in the rat brain white matter lesions based on prolonged time period of p-TBI. The studies
explored how far ER stress can transmit signals that are received by pro-apoptotic and anti-
apoptotic proteins, and how long these proteins can restrict cell growth and initiate the
mitochondrial apoptotic pathway, promoting myelin-producing oligodendrocytic cell death and
causing demyelination in p-TBI rat brain white matter lesions. New mitochondrial proteins
involved in cell death, were identified which may enable the development of additional cell death

indicators for the mitochondrial-mediated apoptotic pathways.

Myelin is maintained in the white matter by myelin-producing oligodendrocytes mostly
populated in brain corpus callosum, which are required for neuronal connection and signal
transmission [7]. Oligodendrocyte cell death causes myelin loss, which happens when cells lose

their capacity to heal injured parts of the brain [14, 24].

Herein we demonstrate that TF has multifunctional properties in p-TBI rats via
immunomodulation, cell death reversing mechanisms, and myelin secretion or remyelination at the
injury site. However, TF is a well-known immunomodulatory medicine that is used to aid in the

healing and repair of myelin in MS patients [19, 25, 26, 27].

Currently, many TBI animal models are used to induce neurodegeneration, which aids in
the study of cell death mechanisms [28, 29]. In this work, we employed the weight-drop [30-32]
approach to generate TBI in rats and demonstrate cell death processes in rat brain corpus callosum

at different day intervals after p-TBI.

Preliminary findings of immunostains for CD68 to identify macrophages and TNFa to
detect cytokines indicated early macrophagic activation at 48 h, which was amplified in 7 d p-TBI
rat brain white matter lesion cross sections and exhibited elevated pro-inflammation. In female
rats, increased macrophage expression and released cytokines were observed following localized
traumatic brain damage [33-35]. Immunostains for BiP to identify ER chaperone binding protein
and ATFG to detect ER sensors expressed at 48 h and exhibited enhanced expression in 7 d p-TBI
rat brain white matter cross sections. Pro-inflaimmatory cytokines cause ER stress, and ATF6
sensors in the ER stimulate the release of BiP chaperone binding protein, which subsequently
translocates into the cytosol and initiates cell death by transmitting signals to pro-apoptotic
proteins [11, 36, 37]. MBP, CNPase, and S100 immunostaining demonstrated significant early
Myelin loss at 48 h, which accelerated following 7 d p-TBIL. These myelin markers, which are

expressed in myelin-producing oligodendrocytes in the central nervous system and Schwann cells
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in the peripheral nervous system, have been used to identify myelin loss or demyelination in a wide

range of neurological diseases [38-40].

In 21 d p-TBI rat brain white matter cross sections, immunostains for CD68 revealed
increased macrophage activity and TNFa revealed decreased cytokine secretion. Immunoblots of
rat brain lysates with TNFa, on the other hand, revealed a steadily increased expression from 48 h
to 7 d after p-TBI, with a lower expression observed in 21 d p-TBI lysates. This is consistent with
a previous study that found reduced TNFa expression in the cortex following TBI [41].
Immunostains for BiP and ATFG increased progressively from 7 d to 21 d following p-TBI, which
is consistent with the previously described endoplasmic reticulum stress to the inflaimmatory

response [11, 37].

TF is an anti-inflammatory drug that stimulates macrophage deactivation and reduces
cytokine secretion at the site of brain damage [25, 27]. Similarly, the current study sought to
determine if TF therapy reduces pro-inflammation and inhibits ER stress following TBI. We
employed TF as a therapeutic agent to treat pro-inflaimmation and to learn about the drug's ability
to inhibit ER stress after TBI. Interestingly, immunostains for CD68 (macrophage) and TNFx
(cytokines) in TF-treated p-TBI rat brain white matter samples revealed much lower expression of
both markers in contrast to the experimental animal groups, suggesting that inhibiting
macrophages limits cytokine release. BiP and ATF6 immunostain labeling, on the other hand, was
much reduced when compared to experimental rats, demonstrating that TF inhibits ER stress

following TBI.

To determine if ER stress signals activate the intrinsic apoptotic pathway after TBI in rats.
Can TF prevent cell death in p-TBI conditions by inhibiting pro and anti-apoptotic proteins.
Initially, immunoblots of brain lysates with pro-apoptotic proteins were performed. Bad and Bax
demonstrate that the proteins receive ER stress signals and are gradually overexpressed from 48 h
to 21 d after p-TBI, which suppressed cell growth and promoted cell death via a mitochondrial-
dependent route [42]. Immunoblot for BclxL, a transmembrane anti-apoptotic protein gradually
overexpressed following p-TBI from 48 h to 21 d to reduce apoptosis and Bax inhibition. This is
comparable to a previous study on apoptosis after TBI [41]. These findings show how ER stress
signals received by pro-apoptotic and anti-apoptotic proteins reduced cell growth and activated the
mitochondrial apoptotic pathway in 21 d p-TBI rat brains. Interestingly, brain lysates from TF-
treated p-TBI rats showed reduced expression of pro-apoptotic proteins Bad, Bax, and anti-
apoptotic protein BclxL, indicating that TF can block pro-apoptotic proteins and rescue anti-

apoptotic protein to improve cell survival.
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Furthermore, Immunoblot with caspase-3 of p-TBI brain lysates detected progressively
elevated expression from 48 h to 7 d and then reduced expression noted in 21 d p-TBI samples
after execution of apoptosis by damaging cellular components such as DNA breakage and
cytoskeleton protein degradation [41]. In contrast, immunoblots against cleaved caspase-7
indicated continuously increasing expression from 48 h to 21 d p-TBI, which is equivalent to that
found in breast cancer cells [43]. Immunoblots of TF-treated p-TBI rat brain lysates with caspase-3
and cleaved caspase-7 exhibited lower expression in comparison to the experimental rats. These
studies outline how TF treatment inhibited apoptosis by suppressing pro and anti-apoptotic

proteins.

MBP, CNPase, and S100 immunostaining expression levels were shown to be lower in 21 d
p-TBI rat brain white matter cross sections, in addition to other experimental animals.
Immunoblots for MBP, CNPase, and S100 from 21 d p-TBI lysates revealed similarly reduced
expressions, which are much lower than in any other experimental rat, indicating worsened
demyelination during the late stages of TBI. Employing TF as a therapeutic medication resulted in
modest myelin repair via increased expression of myelin markers MBP, CNPase, and S100 in both
immunostaining and western blotting. A similar study found that TF stimulates oligodendrocyte

precursor cell differentiation, which results in remyelination [19].

Mitochondrial dysfunction may be considered to be one of the early events that can cause
cell death in the TBI. Though mitochondrial cell death has been reported in various pathological
models the involvement of specific proteins is spar [44]. We observed considerable differences in
mitochondrial functional proteins after 7 d p-TBI rat brain mitochondria. Proteomics studies came
across mitochondrial carrier homolog 1 (MTCH1), decreased in the 7 d group and disappeared
after TF treatment, has been detected. MTCHI1 acts as the receptor for truncated BID (tBID)
which is involved in apoptosis [12]. Mitochondrial 2-oxoglutarate/malate cattier protein (M20M)
which is a mitochondrial inner membrane protein decreased in 7 d p-TBI and slightly elevated
following TF therapy. M2OM, a protein, is involved in the regulation of apoptosis [45]. This study
found cytochrome c¢ oxidase subunit 7B (COX7B) was decreased in 7 d p-TBI but marginally
enhanced upon TF therapy. COX7B subunit contributes to the oligomerization of the apoptosis
protease activating factor (APAF1) complex, which activates the caspase cascade and promotes
apoptosis [16, 46]. This study predicts the activation of COX7B in the mitochondria as a result of
TF therapy may diminish the activation of the apoptotic pathway, which is considered to play a

crucial role in cell death.
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This study detected decrease of thioredoxin-dependent peroxide reductase (PRDX3) in 7 d
p-TBI, which slightly elevated after TF treatment. PRDX3 decrease enhances oxidative stress in
the mitochondria, which is an important element of the cell's energy source [47]. Serine pyruvate
aminotransferase (SPYA) decreased in 7 d p-TBI with an increase noted after TF treatment.
Findings anticipated that decrease of SPYA affects the breakdown of metabolic processes and
must have exacerbated cell death leading to demyelination in p-TBI, which is consistent with a
publication claiming that SPYA protein is involved in gluconeogenesis and glyoxylate
detoxification [48]. Data reveal that decrease of Long-chain specific acyl-CoA dehydrogenase
(ACADL) noted in 7 d p-TBI which increased following TF therapy. Study predicts the restoration
of ACADL protein after utilizing TF can increase cell cycle arrest and restrict cell proliferation and
growth. According to one study, ACADL catalyses the initial stage of mitochondrial fatty acid
beta-oxidation, which is an aerobic process [49]. Acyl carrier protein (ACPM) decreased in 7 d p-
TBI rat brains, which enhanced by TF therapy. According to one research, ACPM can move
electrons from NADH to the respiratory chain in the same way as ATP and CO2 are carried in the
human body [50]. Tetratricopeptide repeat protein (TTC19) disappeared in 7 d p-TBI and
reappeared after treatment with TF. TTC19 plays a crucial role in the preservation of the structural
and functional integrity of mitochondrial respiratory complex III [51]. We expect that the absence
of TTC19 will result in mitochondrial respiratory complex chain III deficit, and we propose that
the TTC19 reappearance will aid in the restoration of complex III inadequacies. In our findings we
came across increase of Heat shock protein (CH10 Hspel) in 7 d p-TBI, whereas enhanced after
TF therapy. Our prediction for this protein enhancing indicates the avoidance of protein
denaturation and aggregation by refolding. Hspel avoids misfolding, promotes refolding, and
ensures appropriate assembly of unfolded polypeptides synthesised under stress circumstances in
the mitochondrial matrix [52]. We identified a total absence of aspartate aminotransferase
(AATM), which reappeared after treatment with TF. AATM levels decreases soon after post-blast
exposure TBI [53]. Findings demonstrated the decrease of inorganic pyrophosphatase 2 (IPYR2) in
p-TBI and increase after TF treatment. IPYR2 affects mitochondrial membrane potential, as well
as mitochondrial structure and function [54]. Proteomic analysis of mitochondria in experimental
rats revealed substantial alterations following TF therapy, suggesting that mitochondrial proteins
had been restored. Findings indicate significant alterations in proteins that are primarily involved in
caspase cascade activation, cytochrome c release, apoptosis induction, detoxification, and the

respiratory chain.
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In summary the current findings provide evidence for the role of pro-inflammation in ER
stress, which is followed by mitochondrial mediated cell death and exacerbate demyelination in rat
brain white matter. Differential mitochondrial protein change in 7 d p-TBI rat brains may assist in
the future development of novel cell death indicators. There has been no previous evidence of pro-
inflammation, ER-mitochondrial mediated cell death at 21 d after p-TBI in rodent models. , TF
therapy reduced inflammation via immunomodulation and reversed cell death mechanisms and
promoted remyelination or myelin secretion. We believe TBI patients can benefit from TF as a
remyelination treatment. Furthermore, comparing TBI progression in rats and humans should lead

to a better knowledge of brain damage progression and therapy in general.
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Chapter 2

Surgically Induced Demyelination in the Rat Sciatic Nerve: Teriflunomide

assisted Remyelination
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I. Abstract

Dempyelination is a common sign of peripheral nerve injuries (PNIs) caused by damage to the
myelin sheath surrounding axons in the sciatic nerve. There are not many methods to induce
demyelination in the peripheral nervous system (PNS) using animal models. This study de-scribes a
surgical approach using a single partial sciatic nerve suture to induce demyelination in young male
Sprague Dawley (SD) rats. After the post-sciatic nerve injury (p-SNI) to the sciatic nerve, histology
and immunostaining show demyelination or myelin loss in early to severe phases with no self-
recovery. The rotarod test confirms the loss of motor function in the nerve-damaged rats.
Transmission electron microscopic (TEM) imaging of nerve-damaged rats reveals axonal atrophy
and inter-axonal gaps. Further, administration of Teriflunomide (TF) to p-SNI rats resulted in the
restoration of motor function, repair of axonal atrophies with inter-axonal spaces, and myelin
secretion or remyelination. Taken together, our findings demonstrate a surgical procedure that can

induce demyelination in the rat sciatic nerve which is then remyelinated after TF treatment.

Keywords: Sciatic nerve injury * Demyelination - Teriflunomide + Remyelination
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I1. Introduction
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Sciatic Nerve Anatomy
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To date, many methods have been used to cause demyelination in the sciatic nerve mainly
chemically induced demyelination such as cuprizone [55], Focal lysolecithin injections [56],
tellurium — endoneurial injection to the tibial nerve [57], ethidium bromide — rat sciatic nerve [58],
lysophosphatidylcholine — sciatic nerve. Virus triggered spinal cord demyelination and intracranially
injected Theiler’s encephalomyelitis virus [59]. Neuro-inflammatory animal models such as
experimental autoimmune encephalomyelitis [60], intravitreal injection of the cytokines (TNFa,
TNF/3, IL — 1, IL — 6, Intetferon) [61], and chronic netrve compression model [62] are well

known. The cuff model is reported to study the allodynia and neuropathic pain [63].
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Origin of the Sciatic Nerve
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Classification of nerve injuries

Table 1. Peripheral nerve injury classification

Types of PNIs Level of damage Recovery

Myelin loss. But good intact will | High chances of recovery in days

Neurapraxia perineurium, epineurium and

endoneurium

Axon loss. In rare cases loss of intact | Treated by medication. In rare
related to the perineurium and | cases surgeries are recommended
epineurium. But, strong intact with
endoneurium

Axonotmesis

Neurotmesis Entire nerve damage. All the layers of | Surgery compulsory. Less chances
the nerve perineurium, epineurium | of maximum recovery
and endoneurium intact loss

Axonotmesis, neurotmesis, and neuropraxia are the three subtypes of peripheral nervous system
injuries (PNIs). Level I neuropraxia, which is frequently observed in wrist drops and muscle twists,
is a form of nerve damage or injury that doesn't include any nerve degeneration. In some rare
instances, medication is necessary, but self-healing is generally evident. Neurotmesis is a third-level
advanced injury that necessitates surgery yet shows inadequate healing because both the nerve and
the nerve sheath are damaged. Axonotmesis, a form of Wallerian degeneration, that results in level
IT nerve injury. It is frequently observed in crash injuries and accident cases wherein axon and

myelin sheath damage but endoneurium, perineurium, and epineurium are intact.

TF is an oral immunomodulatory approved drug for the treatment of relapsing-remitting
CNS-based dempyelinating illnesses such as multiple sclerosis [17, 18]. TF suppresses
dihydroorotate ~ dehydrogenase, which inhibits pyrimidine production and promotes
oligodendroglial differentiation and myelination. A small dose of TF causes the cell cycle to exit,

whereas a larger dose causes a reduction in cell survival [19].

In view of PNS, the current study designed a sciatic nerve injury rat model using a single
partial nerve ligation or suture procedure and evaluated/examined the phases of demyelination, as
well as axonal atrophies and inter axonal gaps, in experimental rats based on prolonged-time
periods after p-SNI. In addition, we investigated motor functioning in experimental rats. Further,

TF was repurposed to improve myelin restoration for p-SNI rats.
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I11. Materials and Methods
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Ethics Statement: All the animal experiments were carried out after the approval of the

institutional animal ethical UH/TAEC/PPB/2022/12, University of Hyderabad, India. Species-

Sprague Dawley (SD) rats (3 months old, 220-250 g male) were purchased from the National
Institute of Nutrition (NIN), Hyderabad. As per the experimental requirement, animals were
acclimatized in the animal house facility, University of Hyderabad before 10 days of the
experiments (Reg number: 151/1999/CPCSEA). The animals were housed in cages with an
ambient temperature of 24 °C, constant and standard air humidity, natural day and night cycles,

quality food, and water ad /ibitum.

Animals for PNS: SD-male rats aged (8-week-old) and weighing 220-250 g were purchased from
the National Institute of Nutrition (NIN) in Hyderabad, Telangana State, India. The animals were
housed in ventilated cages with an ambient temperature of 24 °C, consistent and standard air
humidity-controlled (21 £ 3 °C, 50 + 10%), natural day/night cycles, and quality food and water ad
libitum. All the rats used in this study are healthy and are not genetically modified. These have no
prior research background. Every attempt was made to reduce the number of animals used and the
suffering they endured. Table 1 contains a sample size list of the animals used in various
experiments. To avoid surgical failures, all surgical procedures on rats were performed by a single
expert. All the groups included in this study were first trained on Rotarod according to the
procedure, and then the sciatic nerve was surgically injured. Afterward, motor functional was
checked on Rotarod test, and timings were recorded. The same animals were slaughtered and

sciatic nerves were utilized for pathological studies to prevent excessive animal use.

Estimation of sample size (PNS) by Power Analysis approach using G*Power 3.1 software

Cohen 1998 and Navarro 2015 proposed three categories of effect sizes:

0.2 (small effect size), difference is unimportant between the groups
0.5 (medium effect size), difference is important between the groups

0.8 (larger effect size), difference is highly important between the groups

Based on the previous studies on inducing demyelination in the animal models and Teriflunomide
(TF) treatment to mitigate inflammation and remyelination [20, 21] significant differences between
the groups is highly important.

To determine the sample size, in this study, we employed a larger effect size f (0.8), a-err prob

(0.05), power (1 B-err prob) (0.8), number of groups (Experiment 1: 5 groups), as per the Cohen's

standard effect size.
In Experiment 1, the sample size is # = 25/5 groups, therefore » = 5/group. Nonetheless,
like in earlier literature, we utilized #» = 6/group.
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Table 1. Experiment 1. Histology, immunostaining, and rotarod test studies to evaluate the
phases of demyelination along with motor functional ability (early to late phases) based on pro-

longed time periods after p-SNI to rats.

Number of animals

Animal group Species, age, weight, and sex per group (z)
Sham SD-male rats, 8-week-old, and weighing 220-250 g 6
4d p-SNI SD-male rats, 8-week-old, and weighing 220-250 g 6
7 d p-SNI SD-male rats, 8-week-old, and weighing 220-250 g 6
10 d p-SNI SD-male rats, 8-week-old, and weighing 220-250 g 6
SR p-SNI SD-male rats, 8-week-old, and weighing 220-250 g 6

To determine the sample size, in this study, we employed a larger effect size f (0.8), a-err prob
(0.05), power (1 B-etr prob) (0.8), number of groups (Experiment 2: 2 groups), as per the Cohen's
standard effect size.

In Experiment 2, the sample size is » = 16/2 groups, therefore » = 8/group.

Nonetheless, we employed # = 6/group as per previous studies to maintain animal numbers

consistency across all groups.

Experiment 2. Histology, immunostaining, and rotarod test to evaluate the myelin secretion and

motor functionality after TF therapy to p-SNI rats.

Number of Not

Animal group Species, age, weight, and sex animals per group o
()
Vehicle SD-male rats, 8-week-old, and weighing 220-250 g 6 Exp
10 d p-SNI SD-male rats, 8-week-old, and weighing 220-250 g - eri
TF administered me
AAMINSIETEE ™ Sp_male rats, 8-week-old, and weighing 220-250 g 6
rats group at 2

utilizes the same 10 d p-SNI group aforementioned in Experiment 1 being compared to Vehicle
and TF groups.
To determine the sample size, in this study, we employed a larger effect size f (0.8), a-err prob
(0.05), power (1 B-err prob) (0.8), number of groups (Experiment 3: 4 groups), as per the Cohen's
standard effect size.

In Experiment 3, the sample size is # = 24/4 groups, therefore rat number was kept

constant #» = 6/ group).
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Experiment 3. TEM imaging was employed to study the axonal alterations in the sciatic nerve

following p-SNI and TF treatment.

Number of

Animal group Species, age, weight, and sex animals per group
()
Vehicle SD-male rats, 8-week-old, and weighing 220-250 g
4 d p-SNI SD-male rats, 8-week-old, and weighing 220-250 g
10 d p-SNI SD-male rats, 8-week-old, and weighing 220-250 g 6

TF admini d
administere SD-male rats, 8-week-old, and weighing 220-250 g 6
rats group

We used a sample size of # = 6/condition since the entire experiment was conducted on SD-rats

and # = 6 is the typical sample size for rat models.

Animal groups for PNS: Sham group (SH) that had surgery without damaging the sciatic nerve
served as a control. The comparison of a sham group to experimental animal groups that
underwent partial sciatic nerve ligation, euthanasia after post-sciatic nerve injury (p-SNI) at pro-
longed time periods i.e. experimental groups: rats euthanized at 4" day after p-SNI (4 d),
euthanized at 7" day after p-SNI (7 d), euthanized at 10" day after p-SNI (10), and the self-
recovery group (SR), which had a partial ligation removed at 10" day after p-SNI and rats were
maintained for 2 weeks or 14 days without treatment to evaluate self-healing. All of the animal
groups included in this study were first trained on Rotarod according to the procedure, and then
the sciatic nerve was surgically injured. Afterward, motor functional was studied using Rotarod
test, and timings were recorded. The same were sacrificed and sciatic nerves were utilized for
pathological studies to prevent excessive animal use. The vehicle group (VEH) represents the oral
administration of carboxymethylcellulose prepared at a concentration of 0.06% (w/v) in watet, to
which Tween-80 was added to obtain a final dosage of 0.5% (v/v) to sham or control rats to rule
out any deleterious effects. The vehicle group was compared to the previously mentioned 10 d p-
SNI group, as well as Teriflunomide (TF) treated groups that had their partial ligation removed
after 10 days of p-SNI and received their first dose of TF by oral administration, immediately after
recovery from anaesthesia, which was continued for 2 weeks or 14 days on alternate days. After
cuthanasia, all the sciatic nerves were collected for further histology, immunostaining, and
transmission electron microscopy imaging. For quantification and statistical analysis, each animal
group used in this study contain » = 6/condition. i. e. #(SH) = 6, n(4 d) = 6, n(7 d) = 6, n(10 d) =
0, 7(SR) = 6, (VEH) = 6, n(TT) = 6.
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Surgical procedure: All of the experimental rats were weighed and anaesthetized intraperitoneally

using ketamine/xylazine as a sedative agent approximately 60mg/10mg per kg body weight of rat
[64]. Antibiotics: Gentamycin 8 mg/250 g of SD-rat model (only single dose after performing the
surgery). After sedation the hair at the femoral site was shaved with a surgical blade in the
operated region. The rat was placed on the hot plate to keep warm, and the temperature was
maintained at 37 °C. For sterile environment while performing the surgery, the rat's femoral region
and the surrounding area were cleaned down with 70% ethanol. In order to locate the sciatic nerve,
skin and gluteal muscle incisions were made. The sciatic nerve was exposed using forceps, and
nerve injury was induced by inserting the 6-0 monofilament thread from the middle portion of the
sciatic nerve for partial ligation to promote demyelination. Following injury, 3-0 surgical sutures
were used to close the incisions made in the gluteal muscle and skin. For topical anaesthesia,
Lignocaine hydrochloride gel (2%) was applied on the surface of operated region and shifted to the
recovery chambers for acclimatization as per experimental schedules. The study included animals
that underwent appropriate partial ligation of the rat sciatic nerve. If the suture was not correctly
passed from the sciatic nerve for partial ligation, the animals were excluded. A few exclusions were
made because of improper tissue processing, which might cause issues during pathological

evaluations.

TF administration: After 10 d p-SNI, rats were sedated, and the partial ligation or suture was
removed, and the rats were given their T doses after recovery from anesthesia (TF provided by
NATCO Pharma Limited, Hyderabad, T.S., India). TF was administered orally at a dos-age of
10mg/kg body weight through rat oral gavage for two weeks on alternate days [22]. TF was
dissolved in the vehicle: carboxymethylcellulose made up to 0.06% (w/v) in water, to which Tween
80 was added to reach a final concentration of 0.5% (v/v). Rats were euthanized shortly after the
therapy was completed, and sciatic nerves were severed and preserved in 10% formalin for
pathological examinations.

Euthanasia followed by nerve harvesting procedure: All animals in this study were euthanized

in accordance with the guidelines of the Institutional Animal Ethical Committee (approval number:
UH/IAEC/PPB/2022/12). Euthanasia: Overdose of sodium pentobarbital (150 mg/kg) was
delivered intraperitoneally to sacrifice the animals. All the experimental rats were euthanized and
placed on the operation table. Skin and gluteal muscle incisions were performed to remove the
operated sciatic nerve from the rats. The harvested nerves were then fixed in 10% formalin for

pathological examinations.

Paraffin embedded tissue sections: Freshly obtained sciatic nerve samples were fixed for 48 h at
room temperature in 10% formalin. After fixation, nerve samples were washed for 1 h under
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running tap water, followed by dehydration phases of 30 min each with 70%, 80%, and 95%
alcohol changes, and 3 changes of 100% alcohol each 1 hour. Tissue samples were cleaned in 1
change of xylene for 5 min, followed by another step of xylene and melted paraffin 1:1 ratio for 5
min, and the tissue was embedded in paraffin block. Tissue blocks were mounted to the
microtome (LEICA RM2145), and 10 um cross sections were cut and floated in a 40 °C
maintained water bath containing clear distilled water. Sciatic nerve cross slices were then carefully

transferred to glass slides for further pathological investigation.

Haematoxylin and eosin staining (H & E): Tissue cross sections were deparaffinized twice, for

2 min each, in xylene, and then rehydrated twice, for 3 min each, in 100%, 95%, 80%, and 70%
alcohol. Slides were applied for 10 min water wash, had their nuclei stained with haematoxylin for
3 to 5 min, and then stained with eosin for the extracellular matrix and their cytoplasm for 2 min
before being rinsed with tap water for 6 min. Sections underwent rehydration by being exposed to
30%, 50% alcohol for 6 min each, 70% alcohol for 10 min, 95% alcohol, and twice 100% alcohol
for 3 min. After cleaning the tissue sections with two changes of xylene for 3 min each, the tissue

sections were mounted on DPX slides for imaging under light microscopy.

Eriochrome (solo chrome) cyanine R myelin staining (EC): In EC myelin stain, the

extracellular matrix and cytoplasm are grey and cream, whereas myelin is represented by a blue
colour. Sections were deparaffinized in 2 changes of xylene for 3 min each, then rehydrated with 2
changes of 100% alcohol for 3 min each, then 3 changes of 95%, 80%, and 70% alcohol for 3 min
each. After being rehydrated, slides were transferred for a 10 min water wash. Slides were then
immersed in an eriochrome cyanine solution (eriochrome cyanine RS 0.2 g, H,SO, 0.5 ml, distilled
water 96 ml and 10% iron alum 4 ml for 100 ml solution) for 30 min at room temperature before
being washed under running water. After being differentiated in 5% iron alum for 5-15 min, the
tissue sample was washed with tap water. Borax ferricyanide separation was performed for 5-10
min (borax 1.0 g, potassium ferricyanide 1.25 g, and distilled water 100 ml protected from sunlight)
before being washed with running tap water. The slides were then dehydrated with 2 changes of
graded ethanol solutions (70%, 80%, 95%, and 100% alcohol) and cleaned with 3 changes of

xylene before being DPX mounted for microscopy imaging.

Luxol fast blue myelin staining (LFB): Sciatic nerve cross sections were deparaffinized in two
changes of xylene for 2 min each, then hydrated in 80% and 95% graded ethanol solutions for 3

min each. Slides were maintained in 0.1% luxol fast blue solution (catalogue no. 1.0294, SIGMA
ALDRICH®) (luxol fast blue solution - 0.1 ml, ethyl alcohol 95% - 100 ml, glacial acetic acid - 0.5
ml) overnight at 56 °C in the oven. The excess stain was removed with 95% ethyl alcohol, followed

by a distilled water wash. To differentiate the slides, a 0.05% lithium carbonate solution (catalog
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no. 431559, 99.99% SIGA ALDRICH®) (lithium carbonate 0.05 g in 100 ml of distilled water) was
used for 30-45 sec, followed by a 30 sec washing with 70% ethyl alcohol. This is followed by
washing in distilled water and counterstained with 0.1% cresyl violet solution (cresyl fast violet -
0.1 g in 100 ml of distilled water and 10 drops of glacial acetic acid added shortly before use and
filtered) for 30-45 sec. Rinse in distilled water, then separate in 95% ethyl alcohol for 5 min,
followed by 2 changes in 100% alcohol for 5 min. The tissue slices were then cleaned in two

changes of xylene for 3 min each, followed by DPX mounting for microscope imaging.

Immunostaining for PNS: Slides were deparaffinized in 2 changes of xylene for 2 min each, then
promptly transferred to a 1:1 xylene: 100% ethanol solution for 3 min. The slides were rehydrated
in graded ethanol solutions of 100%, 95%, 70%, 50%, and 30% ethanol changes for 3 min each
before being washed in tap water for 5 min. For antigen retrieval, tissue sections were immersed in
antigen retrieval buffer (trypsin 0.05% in 100 ml PBS) for 15 min at 37 °C and then permeabilized
(triton x - 100 0.2% in PBS) for 7-10 min, followed by 1 wash in PBS for 5 min. The slides were
placed in a blocking solution (BSA 1%, NGS 5% in PBS) for 1 h at room temperature.
Approximately 100 pl of diluted primary antibodies myelin basic protein MBP (AB clonal Catalog
No: A1664, 86 Dr. Woburn, MA 01801, United States), S100 Beta EP 32 (PathnSitu Catalog No:
CRO70 — 0.1 ml Concentrated, USA-Registered Office 538, Selby Ln, Livermore, CA-94551 USA)
and CD68 KP 1 (PathnSitu Catalog No: PM113 — 0.1 ml concentrated, USA-Registered Office
538, Selby Ln, Livermore, CA-94551 USA. (Dilution: 1:200 PBS with 0.02% sodium azide, 50%
glycerol, pH 7.3) were applied to the tissue cross sections and incubated for 30 min at room
temperature in a humidified environment. Sections were transferred for 2 wash steps with PBS for
5 min. Approximately 100 pl of diluted biotinylated secondary antibody was added to the sections
on the slides (using the antibody dilution buffer) and incubated in a humidified chamber at room
temperature for 30 min (covered from sunlight), followed by 5 min washes with PBS for 2 times.
To show the colour of the antibody staining, a DAB substrate solution (freshly produced before
use: 0.05% DAB, 0.015% H,O, in PBS) was applied to the sections on the slides. The necessary
colour intensity was achieved after less than 5 min of colour development, which was followed by
three PBS changes that lasted 2 min each. Slides were submerged in haematoxylin for 2-3 min,
depending on the thickness of the tissue sections, for counterstaining. This was followed by a 15-
20 min water wash. In graded alcohol solutions of two changes of 95% and 100% alcohol, tissue
slides were dehydrated for 5 min each. Coverslips were used to protect the mounted tissue sections

after applying DPX mounting solution.

Transmission electron microscopic imaging (TEM): The nerve samples were first fixed in

2.5-3% glutaraldehyde in 0. 1 M phosphate buffer saline PBS (pH 7.2) for 24 h at 4 °C, and then
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they were further fixed in 2% aqueous osmium tetroxide in the same buffer for 2 hour. Samples
were dehydrated in a series of graded alcohols, penetrated with Araldite 6005 resin, or implanted in
spur resin. A glass knife and an ultra-microtome (Leica Ultra cut UCT-GA-D/E-1/100) were used
to slice material into extremely thin (50-70 nm) sections, which were then mounted on cop-per
grids and stained with saturated aqueous acetate and Reynolds lead citrate. Samples were examined
under TEM in a higher magnification and resolution (JEOL-JEM-F200 transmission electron
microscopic imaging).

Rotarod test: All the animal groups (7 = 6/condition) were trained for 1 week on the rotarod
apparatus before surgical injury to the sciatic nerve (animal groups: SH, VEH, 4 d, 7 d, 10 d, SR,
and TT). To ensure sterility, the device was wiped down with 70% alcohol after each trial. Rats
were trained 4 times a day for 3 min each against a spinning rod at a speed of 5-25 rpm. The mean
delay of the rat fall off the revolving rod was measured in sec (s) and recorded for each rat in the
range of 120 sec above. Following the p-SNI, all the experimental rats were given the opportunity
to undergo a rotarod test for motor functional examination at prolonged-time periods after p-SNI.

Statistical analysis: All the statistical estimations were quantified as the mean percentage of

expression by Image] software. In Sigma plot 71.0 software, a single group, one sample t-test is used to
estimate the Mean = SEM from each individual experimental animal groups. GraphPad Prism 8.0.2,
column analysis, one-way ANOVA test is used for the multiple comparisons (Tukey test) of the

mean and significant p-value.
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IV. Results

Page 57



1. Sciatic Nerve Injury Model Development and Standardization.

The surgical approach for inducing demyelination in the rat sciatic nerve
Ketamine/Xylazine 60 mg/10 mg per kg body weight” was used to anesthetize rats
(Intraperitoneally). Fur was trimmed, skin and gluteal muscle incisions were made, and the sciatic
nerve was exposed. A 6-0 monofilament thread was implanted from the middle of the sciatic nerve
and partially ligated. Skin and gluteal muscle incisions was closed using 3-0 monofilament surgical

thread (Fig.1).

Fig.1 Depicts the surgical method used to injure the rat's sciatic nerve. (A) Rats were sedated,
incisions were made in the skin and gluteal muscles, and the sciatic nerve was exposed. (B) Partial
ligation with 6-0 monofilament suture thread placed from the centre of the sciatic nerve (blue
arrow). (C) The sciatic nerve was partly ligated with a 6-0 monofilament thread (blue arrow) to
induce myelin loss in rat’s sciatic nerve. (D) Gluteal muscle and skin incisions were closed using a
3-0 polyamide black monofilament thread and rats recovered after anaesthesia. Rats N =

6/ condition.
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Model Standardization

Self-recovery
E

¥

Results:

Myelin: Blue, Nuclei: cream/white, Background: cream/white

Figure represents the standardization of partial sciatic nerve ligation model. (A-E) 4X
magnification images of eriochrome (so/o chrome) cyanine R (EC) staining depicts the sciatic nerve
ligated partially or a portion of the sciatic nerve ligation by inserting 6-0 monofilament thread from
the centre of the nerve. (F-]J) 60X magnification images of EC staining represents the early myelin
loss or demyelination began at 4 d which enhanced from 7 d to self-recovery based on the

prolonged time-petiod following post-sciatic nerve damage. Rats N = 6/condition.
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2. Stages of demyelination by the pathological studies

Pathological evaluation demonstrates the changes in cell morphology and demyelination

phases at prolonged-time periods after p-SNI in rats
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Fig.2 Photomicrographs demonstrate cell morphological changes and demyelination in the p-SNI
rats sciatic nerve cross sections. (A-E) hematoxylin and eosin staining, which revealed cell
morphological abnormalities, commenced on the N(4 d) = 6 and subsequently increased from N(7
d) = 6, N(10 d) = 6 up to N “self-recovery” (SR) = 6 p-SNI rats in contrast to the N “sham” (SH)
= 6 rats. (F-]) EC stain (blue color: myelin; cream color: extracellular spaces) and (K-O) LFB stain
(blue color: myelin; pink color: extracellular spaces) demonstrates steadily increasing myelin loss in
nerve-damaged groups from the N4 d) = 6, N(7 d) = 6, N(10 d) = 6 until N “self-recovery” (SR)
= 6 in contrast to the N “sham” (SH) = 6 rats. Statistical information was visually represented in
®, Q). Ohmpus BX51 microscope was used to investigate stains and produce photographs. The
results were all provided as Mean £ SEM. Statistical significance: (ns) P = 0.988, 0.902, *** P =
<0.001. The scale bar in the images (A-O) is 80 um. Image] software is used to quantify all of the
photos by following measurement settings and analyze for the mean values. SigmaPlot 11.0 is used
to produce statistical results, which are then examined using column analyses, one-way ANOVA,
multiple comparisons, the Tukey zest, and visually displayed using GraphPad Prism §.
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Percentage (%) of myelin content present
(MBP immunostaining)
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Fig.3 Depicts demyelination phases after p-SNI at prolonged-time periods. Myelin basic protein
(A-E) and S100 (F-J) were utilised as immunostaining indicators to designate the content of
myelin present in nerves, revealing steadily increasing myelin loss in N(4 d) = 6, N(7 d) = 6, N(10
d) = 6, and N “self-recovery” (SR) = 6 p-SNI rats when compared to the N “sham” (SH) = 6 rats.
(K-O) CD68 marker demonstrated an increase of macrophage accumulation on the N4 d) = 6,
which elevated in N(7 d) = 6, worsened at N(10 d) = 6, and reduced in N “self-recovery (SR) = 6
rats when compared to the N “sham” (SH) = 6. Statistical data was portrayed graphically in (P-R).
Obhmpus BX51 microscope was used to examine the stains and produce photographs. The results
were all provided as Mean * SEM. Statistical significance: (ns) P = >0.999, 0.084 and ***, P =
<0.001. The scale bar in the images (A-O) is 80 um. Image] software is used to quantify all of the
photos by following measurement settings and analyze for the mean values. SzgmaPlot 11.0 is used

to produce statistical results, which are then examined using column analyses, one-way ANOVA,
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multiple comparisons, the Tukey zest, and visually displayed using GraphPad Prism §.
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Haematoxylin and eosin (H & E) staining reveal cell morphological alterations in distinct
day sites of the injured sciatic nerve. The cell morphological abnormalities in the sciatic nerve cross
sections began promptly at 4 d p-SNI which progressively enhanced from 7 d to 10 d after p-SNI
without displaying any SR even after 2 weeks after removing partial ligation from 10 d p-SNI rats
shown in Fig. 2A-E. Myelin stains, EC and LFB verified demyelination commenced at 4 d and
subsequently enhanced at 7 d and 10 d without demonstrating any SR even after 2 weeks after
removing partial ligation from 10 d p-SNI rats (Fig. 2). Immunostaining with MBP and S100
myelin markers of p-SNI cross sections confirm early demyelination or myelin loss began at 4 d
which progressively enhanced from 7 d to 10 d without any SR as represented and graphically in
Fig. 3.

Monocyte-derived macrophages activation is critical and crucial in promoting successful
regeneration or remyelination by releasing growth factors and crucial in clearing inhibitory myelin
debris. We used the CD68 marker to label the macrophages and found spontaneous activation and
accumulation of macrophages with a higher expression at 4 d p-SNI cross sections, which steadily
increased from 7 d to 10 d after p-SNI in contrast to the SH group. Interestingly, data revealed a

reduced expression of CD68 in SR, as illustrated in Fig. 3.
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Pathological Findings confirm the remyelination upon TF

TF therapy helps p-SNI rats by suppressing macrophage activation and boosting myelin

secretion or remyelination.
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Fig.4 Photomicrographs demonstrates myelin restoration in TF-treated sciatic nerve cross sections

Percentage (%) of myelin content present
(LFB staining)

after p-SNI. (A-C) Haematoxylin and eosin staining revealed the restoration of cell morphological
features in N(TF) = 6 rats as compared to the N(10 d) = 6 and N “vehicle” (VEH) = 6. (D-F) EC
stain (blue color: myelin; cream color: extracellular spaces) and (G-I) LEB stain (blue color: myelin;
pink color: extracellular spaces) show remyelination or myelin secretion in N(TF) = 6 treated rats
when compared to N(10 d) = 6 and N “vehicle” (VEH) = 6. Statistical data was represented
visually in (J, K). The Olympus BX51 microscope was used to study stains and take images. The
results were all provided as Mean = SEM. Statistical significance: **;, P = 0.003, **, P = 0.004, and
wk P = <0.001. The scale bar in the images (A-I) is 80 um. Image] software is used to quantify all of
the photos by following measurement settings and analyze for the mean values. SigmaPlot 11.0 is
used to produce statistical results, which are then examined using column analyses, one-way

ANOVA, multiple comparisons, the Tukey test, and visually displayed using GraphPad Prism 8.
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For TF group quantification comparison, figure 3 was utilized to get quantitative data for the distinct periods following p-SNI (4 d, 7 d,

and 10 d).

Fig.5 Immunostaining demonstrates myelin repair and macrophage inhibition in TF-treated rat
sciatic nerves. When N(TF) = 6 rats were compared to N(10 d) = 6 and N “vehicle” (VEH) = 6
rats, (A-C) Myelin basic protein and (D-F) S100 myelin indicators revealed myelin restoration or
remyelination in N(TF) = 6 rats. (G-I) CD68 demonstrated reduced macrophage accumulation in
N(TF) = 6 rats when compared to the N(10 d) = 6. Statistical data was represented visually in (J-
0O). The Olympus BX51 microscope was used to study stains and take images. The results were all
provided as Mean + SEM. Statistical significance: *, P = 0.12, **, P = 0.003, and ***, P = <0.001.
The scale bar in the images (A-I) is 80um. Iwage| software is used to quantify all of the photos by
following measurement settings and analyze for the mean values. SigmaPlot 11.0 is used to produce
statistical results, which are then examined using column analyses, one-way ANOVA, multiple

comparisons, the Tukey test, and visually displayed using GraphPad Prism §.
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Early observations revealed active macrophages and demyelination at the site of the surgically
injured rat sciatic nerve.

Following 10 d p-SNI, the rats were anesthetized, the partial ligation or suture was
removed, and the animals were given their TF dosages once they recovered from anesthesia for 2
weeks alternate days (TF provided by NATCO Pharma Limited, Hyderabad, T'.S., India). H&E
staining of TF-treated rat sciatic nerve cross-sections shows the repair of cell morphological
abnormalities, as illustrated in Fig. 4, as compared to the 10 d p-SNI and VEH groups. In contrast
to p-SNI and VEH animals, EC and LFB myelin stains demonstrated myelin restoration in TF-
treated rat sciatic nerve cross-sections (Fig. 4). Immunostaining with CD68 demonstrated reduced
macrophages in TF-treated rats' sciatic nerve cross-sections compared to the experimental animal
groups and VEH groups (Fig. 5). Immunohistochemistry for MBP and S100 indicated myelin
repair or remyelination in TF-treated rat sciatic nerve cross-sections against experimental animal

groups and VEH groups, graphically depicted in Fig. 5.

Page 65



3. Transmission Electron Microscopy (TEM) Imaging Exhibits
Axonal Atrophies and Inter Axonal Gaps in Injured Rat Sciatic
Nerve Restored upon TF Treatment.

Inter axonal gaps were discovered using TEM imaging following p-SNI, which was
repaired by TF treatment.

TEM analysis demonstrated distinct axonal morphology in VEH and 4 d after p-SNI.
Atrophic axons with inter axonal gaps were seen in 10 d p-SNI cross-sections, coupled with myelin
loss (Fig. 6).

In contrast, healing of inter axonal gaps and recovery from the axonal damage following 2

weeks of TF therapy on alternate days to the p-SNI rats depicted in Fig. 6.

Fig.6 Indicate the restoration of axonal intactness and inter-axonal gaps after TF administration
using transmission electron microscopy. (A, B) Shows clear axonal morphology in the N “vehicle”
(VEH) = 6 and N4 d) = 6 p-SNI rats. (C) Displays the alterations in axonal morphology and
interaxonal gaps in the N(10 d) = 6 p-SNI rats. (D) Shows that the N(ITF) = 6 rats axonal
morphology and interaxonal spacing have been restored. JEOL-JEM-F200 transmission electron
microscopy (TEM) was used to collect all of the images. The scale bar in the images (A-D) is
160pum.
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4. Validation of Motor functional loss in damaged Rats: Motor

Functional Restoration upon TF therapy
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Fig.7 Depict that TF therapy restored motor function following surgical damage to the sciatic
nerve. (A) 5 rpm, (B) 15 rpm, and (C) 25 rpm, graphical illustration of rotarod test statistical
analyses demonstrates a progressive rise in motor functional loss from the N(4 d) = 6, N(7 d) = 6,
N(10d) =6, to N “self-recovery” (SR) = 6 p-SNI rats when compared with N “control” (CON) =
6 and N “vehicle” (VEH) = 6 rats. In the N(TF) = 6 rats motor functioning was restored. The
stay-on rod (s) seconds at 5-25 rpm were used for all statistical assessments. The results were all
provided as Mean *+ SEM. Statistical significance: ns, P = 0.431, 0.847 and ***, P = <0.001.
SigmaPlot 11.0 is used to produce statistical results, which are then examined using column
analyses, one-way ANOVA, multiple comparisons, the Tukey test, and graphically displayed using
GraphPad Prism 8. Rotarod test speed 5-25 rpm.

Rotarod test identified the motor functional deficit in p-SNI rats that was remedied by TF
therapy

To assess the injured rats' motor functional loss, rotarod test was done and the findings
revealed that the experimental animal groups lost motor function based on rod stay (s) from 5-25
rpm. Rotarod test detected progressively enhanced motor functional loss based on the prolonged-
time period after p-SNI in rats. The experimental rats #(4 d, 7 d, and 10 d) = 6/condition were
compared to the #»(SH) = 6. Statistical data analysis identified variations of motor functionality
depending on rod stay in seconds (s) from 5-25 rpm.

The TF therapy aided recovery and noted reversed motor dysfunction, as measured on the
rotarod device using stay on rod (s) from 5-25 rpm which is compared to the experimental rats #(4

d, 7 d, and 10 d) = 6/condition and #(VEH) = 6 visually illustrated in Fig. 7.
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V. Discussion
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The current study describes a surgical method for peripheral nervous system (PNS) by
inducing demyelination with a simple partial ligation to the rat sciatic nerve using a 6-0
monofilament thread. The study investigates how long macrophages will be active based on the
prolonged-time period after p-SNI. The findings show that early myelin loss or demyelination
progresses to greater demyelination with no evidence of self-recovery. Axonal atrophies and inter-
axonal gaps were found after varying periods of post-surgical sciatic nerve damage. Moreover, the
rotarod test revealed that surgically nerve injured rats had lost motor functioning.

This research reveals that TF has multifunctional properties in sciatic nerve injured rats via
immunomodulation and myelin secretion or remyelination at the injury site. However, TF is a well-
known immunomodulatory medicine that aids in the healing and repair of myelin in multiple
sclerosis (MS) patients [17, 18, 19, 22, 65].

There are now various animal models in use to induce demyelination in the rat sciatic
nerve, each with its own set of limitations and downsides. Virus-induced demyelination [58, 59],
Neuro-inflammatory animal models such as experimental autoimmune encephalomyelitis (EAE)
[60], and intravitreal injection of the cytokines [61] are well-established to cause demyelination in
animal models with certain limitations. The chronic nerve compression paradigm is widely
established for inducing demyelination in animals. However, the disadvantage of this model is that
the nerve is squeezed to generate demyelination. This makes remyelination research challenging
[62]. The cuff model is used to study the allodynia and neuropathic pain [63].

Neurotoxins such as ethidium bromide, Lysolecithin, cuprizone, and tellurium are used to
promote demyelination. However, this may result in indiscriminate demyelination [55-57]. The
dose is based on an animal's susceptibility and tolerance depending on its body metabolism. But,
not all animals respond to the same dosage in the same way, and some may develop resistance to
the neurotoxins, making comparison studies and data interpretation within a given experiment
challenging. Theiler's murine encephalomyelitis virus (TMEV) is a neuropathogenic virus that
affects both susceptible and resistant B6 mouse models, causing persistent demyelination that
starts 2-6 weeks after viral injection [58]. In contrast, demyelination begins shortly after the ligation
on the 4 d in our model.

Experimental autoimmune encephalomyelitis (EAE) is commonly used to study the
neuropathological features in inflammation, demyelination and axonal loss conditions. The
counter-regulatory mechanisms in the EAE model involves in the resolution of inflaimmation
along with the remyelination [60].

Previous animal model limitations prompted us to establish a model that could induce

demyelination in rats immediately after injury. This study demonstrates a single partial sciatic nerve
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ligation to induce demyelination or myelin loss in rats. Pathological investigations show eatly,
moderate, and advanced stages of demyelination in prolonged-time periods following p-SNI in
rats.

Our preliminary findings revealed abnormalities in the cell morphology on staining with H
& E that began on 4 d after p-SNI and were steadily enhanced from 7 d to 10 d without any self-
recovery. This is in agreement with similar studies using H & E as basic stains to examine cell
morphological changes [66, 67]. In our study, LFB and EC stains identified well-defined zones of
demyelination began on the 4 d p-SNI and subsequently increased from 7 d to 10 d following p-
SNI in rats and there was no evidence of self-recovery (SR). Previous research used similar dyes to
analyse the myelin composition of tissues [68-73]. Immunostaining further confirms the activation
of macrophages with CD68 marker and myelin loss or demyelination with MBP and S100 markers
in varying time periods after p-SNI in rats. Immunostaining with CDG68 detected active
macrophages after peripheral nerve injury [74]. S100 is preferentially distributed in myelin forming
Schwann cells [75]. ST00A8 and S100A9 are the subunits initiate the early inflammation in injured
peripheral nerve [76]. In a study, MBP detected the early myelination in the rat brain stem [77],
MBP detected myelination in second trimester human foetal spinal cord [78]. MBP is a well-known
marker to detect demyelination in multiple sclerosis, human auditory nerve and some other
neurodegenerative diseases [79-82]. We found severe alterations in p-SNI rats, including
neuroinflaimmation followed by monocyte-derived macrophage activation, as revealed by the
CD68 marker.

Immunostaining verified the presence of activated macrophages using CD68 at 4 d p-SNI,
which was subsequently elevated from 7 d to 10 d following p-SNI in rats and was reduced in self-
recovery (SR) rats group. Interestingly, histology and immunostaining findings revealed that TF
therapy reduced pro-inflammation by suppressing CDG68 expression and improved healing and
myelin regeneration or remyelination with enhanced expression of MBP and S100 markers in 10 d
p-SNI rats with TF versus experimental animal groups. Similarly, CD68 is employed as a labeling
stain to detect macrophage build-up, which aids in regeneration and cell debris clearance [83-85].
Findings are in consistent with other publication using TF to differentiate myelin-producing cells
in the nervous system and to modulate immune response [19].

By using the rotarod test to analyse motor function, it was discovered that, in comparison
to earlier studies [86, 87|, all experimental rats in this research with p-SNI had little motor
functional loss as measured by the length of time stay on the rod (s) at 5-25 rpm. Stay on rod (s) of
rats on the rotarod device increased following TF therapy, indicating motor functional recovery.

The rotarod test on all experimental rats presented data as per rod stay (s) and validates the present
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model can produce motor functional loss that depends on the time frame length of surgical harm,
which aids researchers in investigating motor functionalities in the PNS.

In comparison to the VEH and 4 d p-SNI rat groups, TEM data indicate atrophic axons;
inter axonal space, and myelin loss in 10 d p-SNI rats. According to prior research, electron-
microscopic alterations in a rat's sciatic nerve following differential traction damage were described
[88-90]. Significant changes in axonal intactness and repair of inter-axonal gaps were observed in
the TF-treated p-SNI rats, supporting our neuropathological findings on demyelination followed
by recovery and remyelination after TF therapy.

In Summary the demyelination is accurate and reproducible, and the nerve damage is minimal

since a single partial ligation is conducted to target just the portion of the sciatic nerve that
contains axons. We observed identical demyelination throughout the whole batch and location,
and the amount of ligation may be adjusted, making comparison studies easier. This model is
appropriate for studying the molecular process behind demyelination and gives a chance to test
possible therapeutics for demyelinating diseases. This rat model may be valuable to pharma, the

biotech industry, and academic researchers in screening newly synthesized drugs.
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Chapter 3
Application of the Developed Sciatic Nerve Injury Model

(Collaboration with Prof. Nagarajan, School of Chemistry, UOH)
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I. Abstract

Fluorescent dyes or fluorophores have been used in a wide variety of 7z vivo and 7n vitro experiments
by the researchers for decades. To validate our model we used a fluorescent compound which was
synthesized by the collaborators in the School of Chemistry, University of Hyderabad. This
compound is a derivative of indole alkaloid that emits fluorescence. To test the fluorescence
activity 7z vivo, the compound was injected into the rat sciatic nerve and then processed ex vivo by
euthanizing the rats and excising the sciatic nerve, followed by fluorescent investigations on sciatic
nerve sections. To evaluate the compound's fluorescence, different z» vitro established cultured cells
was fixed and stained with the compound. Overall, our findings revealed that the compound
excitation and emission values are similar to those found in commercially available mitotracker,
making comparative studies easy. Perkin Elmer 77 »iwo imaging confirmed the long-lasting
fluorescent activity of the compound in the rat sciatic nerve, and sections of the sciatic nerve
emitted fluorescence and co-localized with mitotracker which is a mitochondrial fluorescent dye.
Furthermore, 7z vitro cell culture findings demonstrate the labelling of mitochondrion 7 vive, ex vivo,

and z# vitro conditions.

Keywords: Fluorophores * 7n vivo + ex vivo * in vitro
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Introduction

Fluorescent dyes or fluorophores are defined as the chemical substances used in biological
samples which binds with fluorescent responsive proteins of a cell in an organism and emits
fluorescence under laser based technologies [91]. The design or structure of the chemical
compound, synthesis, brightness, contrast stability, and their role in non-invasive visualization,
characterization, and quantification in biological processes of human and other living organisms

made the fluorescent dyes unique and advanced tools in the field of biological sciences [92, 93].

Mitochondria are essential for cell survival and tissue function, since they meet high energy
needs, regulate calcium, and control reactive oxygen species (ROS) generation [94, 95].
Morphological characteristics of mitochondria are directly connected to numerous activities of
different cells found in diverse human tissues, and variations in morphology are also recognized in
many diseases. Understanding the function of mitochondria in disease pathogenesis has been

substantially increased by displaying these organelles [96-98].

We checked the efficacy of the model by injecting a fluorescent compound into the rat
sciatic nerve and monitoring the fluorescence with a Perkin Elmer 77 vivo imaging technique. Nerve
section imaging under confocal microscopy demonstrates the localization of that fluorescent dye in
the rat sciatic nerve. Further, this study shows the fluorescent activity and localization of the

fluorescent compound in several types of 7z vitro cell cultures.
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II1. Materials and Methods



Ethics Statement: All the animal experiments were carried out after the approval of the

institutional animal ethical committee UH/IAEC/PPB/2022/12, University of Hyderabad, India.

Species- Sprague Dawley (SD) rats (3 months old, 220-250 g male) were purchased from the
National Institute of Nutrition (NIN), Hyderabad. As per the experimental requirement, animals
were acclimatized in the animal house facility, University of Hyderabad before 10 days of the
experiments (Reg number: 151/1999/CPCSEA). The animals were housed in cages with an
ambient temperature of 24 °C, constant and standard air humidity, natural day and night cycles,

quality food, and water ad /ibitum.

Animals for Fluorescent dye (BK2MFE) experiments: Sprague Dawley (SD) male rats aged (8-

week-old) and weighing 220-250 g were purchased from the National Institute of Nutrition (NIN)
in Hyderabad, Telangana State, India. The animals were housed in ventilated cages with an ambient
temperature of 24 °C, consistent and standard air humidity-controlled (21 £ 3 °C, 50 = 10%)),
natural day/night cycles, and quality food and watet ad /ibitum.

Estimation of sample size by Power Analysis (objective 3) approach using G*Power 3.1

software

Cohen 1998 and Navarro 2015 proposed three categories of effect sizes:

0.2 (small effect size), difference is unimportant between the groups

0.5 (medium effect size), difference is important between the groups

0.8 (larger effect size), difference is highly important between the groups
Based on the previous studies on inducing demyelination in the animal models and Teriflunomide
(TF) treatment to promote anti-inflammation and remyelination®”* significant differences between
the groups is highly important.

To determine the sample size, in this study, we employed a larger effect size f (0.9), a-err prob

(0.05), power (1 B-err prob) (0.8), number of groups (Experiment 1: 3 groups), as per the Cohen's
standard effect size.
In Experiment 1, the sample size is #» = 18/3 groups, therefore #» = 6/group.

Experiment 1. Fluorescent activity of the compound in vivo using Perkin Elmer 77 vivo imaging
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Number of

Animal group Species, age, weight, and sex animals per group
()
Vehicle Sprague Dawley (SD) male rats, 8-week- 6
old, and weighing 220-250 g
St rired
clate —r:erve e J Sprague Dawley (SD) male rats, 8-week- 6
roup + compoun
& p. . P old, and weighing 220-250 g
injected
Sciati ithout
.c1.a € netve withou Sprague Dawley (SD) male rats, 8-week-
injure + compound 6

injected old, and weighing 220-250 g

Animal groups: The vehicle group serves as the exposed sciatic nerve with an injected dimethyl
sulphoxide (DMSO) without compound (# = 6). Injured group (» = 06) was injected with
compound dissolved in DMSO through intra neural injection to the rat sciatic nerve and then
sciatic nerve was partially ligated to create a damage. Without injure group (» = 6) was injected

with compound dissolved in DMSO through intra neural injection to the rat sciatic nerve and

muscle and skin incisions was sutured using 3-0 monofilament surgical thread.

Surgical procedure: All of the experimental rats were weighed and anaesthetized intraperitoneally

using ketamine/xylazine as a sedative agent approximately 60mg/10mg per kg body weight of rat
[64]. Antibiotics: Gentamycin 8 mg/250 g of SD-rat model (only single dose after performing the
surgery). After sedation the hair at the femoral site was shaved with a surgical blade in the
operated region. The rat was placed on the hot plate to keep warm, and the temperature was
maintained at 37 °C. For sterile environment while performing the surgery, the rat's femoral region
and the surrounding area were cleaned down with 70% ethanol. In order to locate the sciatic nerve,
skin and gluteal muscle incisions were made. The sciatic nerve was exposed using forceps, and
nerve injury was induced by inserting the 6-0 monofilament thread from the middle portion of the
sciatic nerve for partial ligation to promote demyelination. Following injury, 3-0 surgical sutures
were used to close the incisions made in the gluteal muscle and skin. For topical anaesthesia,
Lignocaine hydrochloride gel (2%) was applied on the surface of operated region and shifted to the
recovery chambers for acclimatization as per experimental schedules. The study included animals
that underwent appropriate partial ligation of the rat sciatic nerve. If the suture was not correctly
passed from the sciatic nerve for partial ligation, the animals were excluded. A few exclusions were
made because of improper tissue processing, which might cause issues during pathological

evaluations.
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Administration of the fluorescent compound to the rat sciatic nerve for in vivo imaging:

Intraperitoneal injection of Avertin (anaesthetic) at concentration of 300 mg/kg body weight used
to anaesthetize the rat to perform surgery. Femoral thigh region is trimmed and wiped with ethanol
for sterilization of the operating area. Animal was placed under the table lamp on the heating pad
to maintain the temperature around 37 °C. Right hind limb (upper region of the thigh) incision was
made on the skin to expose the sciatic netve and visualized by using surgical microscope. 100 pg/5
ul of Compound dissolved in dimethyl sulphoxide (DMSO) was injected to the rat sciatic nerve
through intra neural injection to the rat sciatic nerve. After administration of the Compound,
muscle and the skin incisions were stitched using surgical sutures and lignocaine local anaesthesia
gel is applied for numbness at the sutured site. The bucker imaging analysis was used to check the
fluorescence in the injected sciatic nerves in different day points.

Euthanasia followed by nerve harvesting procedure: All animals in this study were euthanized

in accordance with the guidelines of the Institutional Animal Ethical Committee (approval number:
UH/IAEC/PPB/2022/12). Euthanasia: Overdose of sodium pentobarbital (150 mg/kg) was
delivered intraperitoneally to sacrifice the animals. All the experimental rats were euthanized and
placed on the operation table. Skin and gluteal muscle incisions were performed to remove the
operated sciatic nerve from the rats. The harvested nerves were then fixed in 10% formalin for

pathological examinations.

Paraftin-embedded tissue sections: Freshly collected sciatic nerve samples were fixed with 10%

paraformaldehyde or formalin for 48 h at room temperature. After fixation samples were washed
under running tap water for 1 h followed by dehydration steps using 70%, 80%, 95% alcohol
changes 30 min each and 3 changes of 100% alcohol for 1 h each. Sciatic nerve samples were
cleared in 1 change of xylene for 5 min and another step of xylene + melted paraffin 1: 1 ratio for
5 min followed by immersing the samples in 3 changes of paraffin (Paraplast® - polyisobutylene
mixture, catalogue no P3558 — SIGMA — ALDRICH®) 1 h each and embedded in a paraffin
block. Sample blocks were fixed to the microtome (LEICA RM2145) and 10 um sections were
done and floated in a 40 °C maintained water bath containing clear distilled water. Tissue sections
were transferred carefully to the glass slides for further pathological studies.

Mitotracker Red and DAPI (4',6-diamidino-2-phenylindole) staining: BK2ME injected rat

sciatic nerve formalin fixed paraffin embedded tissue (FFPE) sections were firstly deparaffinised
on the heating pad or heating plate and followed by tissue clearing for 2 min each in two xylene
changes. Slides containing FFPE sections was rehydrated accordingly in two changes of 100%
alcohol for 3 min each, thereafter 95%, 80%, and 70% alcohol for 3 min and followed by a 10 min

water wash. Mitotracker Red was used for the localization with the injected fluorescent compound
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sciatic nerve sections. Dissolve 50 pg of Mitotracker in 450 uL. DMSO (200 uM stock), for
working range 1:1000 of dissolved Mitotracker was diluted in phosphate buffer saline (PBS)
maintained at 4 °C temperature and 150 pl of diluted Mitotracker was added on to the
deparaffinized sections incubated for 30 min at 4 °C. 1-2 drops of DAPI was added to stain the
nucleus for counter staining and mounted with DPX mounting covered with coverslips.

In vitro studies of fluorescent BK2MFE on different types of cultured cells and co-

localization with Mitotracker

SK — N — SH (neuroblastoma) cells, Thp — 1 (monocytic) cells, 293a cells (a clone of HEK — 293

cells), and HELA cells were individually grown in culture dishes with coverslips for seeding to 50-
60% confluence. Medium from the cultured dishes were removed and washed with PBS for twice
followed by 4% formalin fixation followed by PBS washes. 20 ul of dimethyl sulfoxide (DMSO)
used to dissolve 2mg (1 ul = 100 pug) compound for stock solution and diluted at 2:100 in DMSO
for final working solution and stored at 4 °C. Add the adequate amount of solution to the fixed
cultured cells and incubated for 30 min at 4 °C temperature for staining. Culture dishes with
coverslips were washed with PBS twice. 200 pM mitotracker was diluted for 1:1000 in PBS and
added to the fixed coverslips, incubated for 30 min at 4 °C temperature followed by two washes
with PBS for co-localization with the compound. 1-2 drops of DAPI was added to the washed

coverslips and mounted on slides with DPX mounting for confocal microscopic imaging.

Statistical analysis: Statistical estimations were quantified and noted as the mean percentage of

expression by Image] software. Sigma Plot 11.0 software single group one sample t-test is used to
estimate the mean = SEM. GraphPad Prism 8.0.2, column analysis, and a one-way ANOVA test is

used for the multiple comparisons (Tukey test) of the mean and significant P value.
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IV. Results



1. Fluorescent compound activity in rat sciatic nerve in vivo and ex
vivo followed by pathological studies to elucidate toxicity

Fluorescent compound activity in vivo using Perkin Elmer in vivo imaging

In vivo imaging
Without damage

10 days

With damage

In vivo imaging

Fig.1 depicts i vivo imaging of rats with and i
. Vehicle
without damage to the rat sciatic nerve after 8- = BK2ME +without
damage
injecting BK2ME. First row of the figure shows £ R

the rats without damage to the rat sciatic and

groups as sham and compound injected followed

0-
by Perkin Elmer iz wivo imaging based on Intensity of Fluorescence in with

and without damaged sciatic nerve
prolonged time period at 48 h, 1 week, and 10
days. Second row of the figure represents the rats with partially ligated sciatic nerve and groups as
sham and compound injected followed by Perkin Elmer 7z vivo imaging based on prolonged time
period at 48 h, 1 week, and 10 days. Fluorescence intensity values of compound injected in with
and without sciatic nerve damaged groups along with the sham were all provided as Mean = SEM.
Rats N = 6/condition. Statistical significance: ***, P = <0.001. SigmaPlot 11.0 is used to produce

statistical results, which are then examined using column analyses, one-way ANOVA, multiple

comparisons, the Tukey test, and graphically displayed using GraphPad Prism 8.
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EXx vivo confocal microscopic imaging
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Fig.2 demonstrates confocal microscopic imaging of BK2ME injected rat sciatic nerve sections at

45 days and 2 months interval following euthanasia and formalin fixed paraffin embedding to

examine the shelf life of BK2ME. (a, e) DAPI, (b, f) BK2ZME, (c, g) Mitotracker, and (d, h)

merged panels. (b-c) co-localization panels underwent Pearson coefficient correlation for

efficiency of for 45 days shelf life (Pearson r 0.8780, R Squared 0.7708). (f-g) co-localization panels

underwent Pearson coefficient correlation for efficiency of 2 months shelf life (Pearson r 0.7662, R

Squated 0.5871). Rats N = 6/condition.
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BK2ME injected rats were imaged under computerized Perkin Elmer 7z »ivo imaging and the
fluorescence was observed soon after post intra neural injection of the BK2ZME in with and
without injured rat sciatic nerve. Fluorescence was monitored based on prolonged time period at
48 h, 1 week, and 10 days point following BK2ZME injecting to the rats sciatic nerve and noticed
fluorescence remain constant. However, fluorescence in the injure group emitted more than in

without damaged groups (Fig. 1).

Sciatic nerve FFPE sections with BK2ZME emitted fluorescence under confocal microscopy
considered as ex wvo. Fluorescence was noted in the sections of 45 days and 2 months after
euthanasia and formalin fixed paraffin embedding to examine the shelf life of the compound.
Pearson coefficient correlation values demonstrates the good efficiency of the BK2ME by co-
localized with the Mitotracker which is a mitochondrial fluorescent stain which selectively
accumulates in the mitochondrial matrix, covalently binds to mitochondrial matrix proteins by

relating with free thiol groups of cysteine residue (Fig. 2). Counter stained with DAPI.

Toxicity studies of BK2ZME injected rat sciatic nerve sections

BK2ME, we used our surgically injured rat sciatic nerve model [99] which was employed as a
positive control. To evaluate the toxicity of BK2ME, three animal groups are maintained: vehicle-
injected with DMSO alone, BK2ME injected with damaged rat sciatic nerve acts as a positive

control, and BK2ME injected without generating an injury to the rat sciatic nerve.

Haematoxylin and eosin staining demonstrated cell morphological changes in the injured
and BK2ME injected rats groups, which served as a positive control, as compared to the non-
damaged and BK2ME injected rats groups, elucidating the non-toxic nature of the fluorescent dye
BK2ME (Fig. 3a-c). Furthermore, specific myelin stains Eriochrome cyanine r (EC) and Luxol
fast blue (LFB) demonstrate myelin loss in (Fig. 3e, h), with blue colour disappearance (myelin)
functioning as a positive control group. The presence of normal myelin without any myelin loss in

(Fig. 3f, i) validates the non-toxic nature of BK2ZME 7% vivo.
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Vehicle With injury + BK2ME Without injury+BK2ME

Fig.3 depicts the toxicity studies of BK2ME in the rat sciatic nerve cross sections using special
myelin stains. (a, d, g) vehicle, (b, e, h) sciatic nerve injury and BK2ME injected, and (c, f, i)
sciatic nerve without injury and BK2ME injected rat groups. (a-c) Haematoxylin and eosin H & E
stain shows the clear cell morphology in ¢, cell morphological alterations in b, and no cell
morphological changes in a. (d-f) eriochrome cyanine r EC stain demonstrates (d, f) with proper
content of myelin present (blue colour) in the sciatic nerve cross sections whereas myelin loss
noted in panel e. (g-i) luxol fast blue LI'B stain represents (g, i) with proper content of myelin
present (blue colour) in the sciatic nerve cross sections whereas myelin loss detected in h. Rats N

= 6/condition.
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2. Co-localization studies of BK2ME 7n vitro cultured cells
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Fig.4 demonstrates the fluorescent activity of BK2ZME 77 vitro cultured cells. a, DAPI; b, BK2ME;
¢, Mitotracker; and d as merged image. (b, ) co-localization represents fluorescence activity in
Hela cells as mitochondrial stain disclosed in merged panel d and counter stained with a DAPI
(Pearson r 0.8864, R squared 0.7857). e, DAPI; F, BK2ME; g, Mitotracker; and h merged image.
(f, g) co-localization discloses the fluorescence activity of SK-N-SH cells as Mitotracker shown in
h merged panel and counter stained with e DAPI (Pearson r 0.8770, R squared 0.7691). i, DAPL j,
BK2ME; k, Mitotracker; 1 merge image of Thp-1 cells. (j, k) co-localization uncovers the
fluorescence activity of BK2ME in Thp-1 cells as mitochondrial stain in merged panel 1 which was
counter stained with i DAPI (Pearson r 0.8228, R squared 0.6770). m, DAPI; n, BK2ME; o,
Mitotracker; p, merged image represents 293a cells. (n, o) co-localization reveals fluorescence
activity of BK2ZME as mitochondrial stain shown in merged panel p by counter stain m DAPI

(Pearson r 0.8831, R squared 0.7798).

HELA cells, SK — N — SH (neuroblastoma) cells, Thp — 1 (monocytic) cells, 293a cells (a
clone of HEK — 293 cells) emitted efficient fluorescence under confocal microscopy after staining
with BK2ME for 30 min. BK2ZME counter stained with the DAPI and co-localised with

Mitotracker mitochondrial fluorescent stain represented in (Fig. 4).

Page 87



V. Discussion

Fluorescent dyes are unique and advanced tools in the field of biological sciences due to
their design or structure of the chemical compound, synthesis, brightness, contrast stability, and
role in non-invasive visualization, characterization, and quantification in biological processes of
humans and other living organisms [92, 93]. Additionally, to test the proof of the concept surgical
sciatic nerve injury model, the study focused to screen a newly synthesized flurophore (BK2ME) 7
vivo.

Experiments on rats' sciatic nerve injected with BK2ZME revealed fluorescence activity for
10 days #n wivo. Displaying mitochondria sub-cellular organelles has significantly advanced
understanding of mitochondrial activity in disease pathophysiology; nevertheless, the use of laser-
based microscopes is still required [96-98]. Ex vivo, fluorescence experiments confirmed BK2ME
localization with Mitotracker red and the significance of the newly synthesised fluorophore as a
luminous or fluorescent mitochondrial dye. Pathological investigations demonstrated and
confirmed BK2ME's non-toxicity when compared to the positive control and control rat groups.
Furthermore, use of BK2ME on 7z witro cultured cells stained the mitochondria by co-localizing
with Mitotracker red validates the earlier 7z vivo and ex vivo findings and confirms the dye can be

promoted as a fluorescent mitochondrial dye.
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Summary

In summary, the current findings for CNS provide evidence for the role of pro-

inflammation in ER stress, which is followed by mitochondrial mediated cell death and leading to
demyelination in rat brain white matter lesions following p-TBI. Differential mitochondrial protein
change in 1 W p-TBI rat brains may assist in the future development of novel cell death indicators.
There has been no previous evidence of pro-inflammation, ER-mitochondrial mediated cell death
at 21 d after p-TBI in animal models. TF therapy reduced inflammation via immunomodulation
and reversed cell death mechanisms and promoted remyelination or myelin secretion. We believe
TBI patients can benefit from TF as a remyelination treatment. Furthermore, comparing TBI
progression in rats and humans should lead to a better knowledge of brain damage progression and

therapy in general

Sciatic nerve injury model based demyelination is accurate and reproducible, and the nerve
damage is minimal since a single partial ligation is conducted to target just the portion of sciatic
nerve that contains axons. We observed identical demyelination throughout the whole batch and
location, and the amount of ligation may be adjusted, making comparison studies easier. This
model is appropriate for studying the molecular process behind demyelination and gives a chance
to test possible novel therapeutics demyelinating illnesses. This rat model can also screen the
fluorophore activity iz vivo and helps in studying the toxicity of newly synthesised chemical
substances by serving as a positive control which is more useful to Pharma, Biotech industry, and

academic researchers.
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