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INTRODUCTION

1. Transient ischemic attack (TIA)

1.1 Definition and pattern of TIA.

Strokes are classified into hemorrhagic, ischemic stroke and transient ischemic
attack. As a “Mini-stroke”, transient ischemic attack (TIA) used to be a symptomatic
diagnosis disease with signs and symptoms disappear quickly. Recently, American Heart
Association (AHA) and the American Stroke Association (ASA) council has revised the
TIA definition from time-based (less than 24-hour symptom) to tissue-based as a sudden
onset of focal neurological symptoms caused by focal brain, spinal cord or retinal
ischemia without acute infarction. ' TIA incidence is half a million per year with the
prevalence at 2%, which is approximately five million individuals in the United States. 2
However, up to 40% of stroke patients reported experiencing TIA episodes before stroke,
suggesting that TIA incidence could be even much higher. 3 TIA usually occurs more than
once. Previous reports indicate that 68% of patients recurrence around 2-5 times in the
following-up 16 months after the initial TIA, and 56% of patients have recurrent episode
within one month. 4 Recurrent TIA within 7 days is associated with a higher risk of severe
stroke than after a single TIA. % TIA, as well as ischemic stroke, has been reported as a
high-risk factor for delayed on-set dementia, Alzheimer Disease (AD) and AD-related
dementia (ADRD) 67, besides, white matter damage in TIA patients correlates with early

cognitive decline 8, demonstrating its essential role as a cerebrovascular factor



contributing to AD or ADRD. °'° However, TIA has received only little attention in the
experimental research field compared with ischemic stroke and hemorrhagic stroke, and

its pathophysiology have been less studied.

1.2 Microstructure changes and damage after TIA

The traditional TIA definition was based on self-resolving neurological deficits
within 24 hours of onset. However, full functional recovery does not indicate absence of
neuropathological changes in the central nervous system. Early magnetic resonance
imaging (MRI) has shown TIA-associated infarct in 46-81% diagnosed TIA patients.'"12
Diffusion-weighted MRI (DWI) lesion are frequently observed in TIA patients. ' White
matter hyperintensity (WMH) has been found in TIA patients and can be potentially used
as a neuroimaging marker for TIA diagnosis certainty. '* WMH often involves more than
one structure, and several pathological changes have been noted, including axonal and
myelin disruption, astrogliosis, or microglia activation in periventricular white matter.4
Furthermore, decreased fractional anisotropy has been found in TIA patients even without
DWI lesion. ' Functional MRI (fMRI) recently showed a decreased resting state network
connectivity with reduced regional homogeneity at 1-month after onset of TIA symptoms.
16,17 An electroencephalography (EEG) study has shown enhanced focal slow wave
activity in TIA patients for up to 1 month even without DWI lesion in the brain.'® Besides,
clinical studies indicate TIA patients exhibit Blood-Brain-Barrier (BBB) dysfunction using
MRI diffusion-weighted imaging. '® In an experimental setting of TIA model, consistent

cortical selective neuronal loss with microglia activation was observed in rats even without



MRI lesion and necrosis. ?° Transient ischemia can also decrease cerebral blood volume
(CBV), leading to increase neural activity, which may potentially impair neural integrity
and contribute to subsequent vascular consequence. 2" Neuronal apoptosis and
neurovascular impairment has been found without DWI and T2-weighted MRI (T2WI)
lesion in mouse model, evidenced by decreased vascular density in TIA-affected cortical
and striatum region at the acute stage. 2> These studies suggest that TIA may induce

microstructure modification and damage in the brain even without detected infarct.

1.3 Rodent TIA model

An appropriate TIA animal model to mimic human TIA characteristics should be set
up to help exploring pathological changes of TIA. TIA animal models using rodents are
rarely found in literature review. Three criteria should be met for an experimental TIA
model based on TIA definition: a successful occlusion and reperfusion, no sensorimotor
deficit observed at 24 hours after reperfusion, and no detected infarct lesion.?® The rodent
intraluminal suture middle cerebral artery occlusion (MCAO) model is the most widely
used and reliable experimental stroke model that revealed many aspects of ischemic
stroke pathophysiology. 2426 Dr. T. Tatlisumak et.al have developed an optimized TIA
model by MCAO in both NMRI mice and Wistar rats. 272 They found that 12.5-min MCAO
is the threshold for inducing MRI-detected infarction. 10-min or shorter MCAO proved a
suitable TIA model with no acute infarction and neurological deficits confirmed by MRI
and neurological score, as well as no significant increase of terminal deoxynucleotidyl

transferase-mediated dUTP nick-end labeling (TUNEL)-positive cells. Besides, 5- and 10-



min MCAO in male Sprague-Dawley rats also showed no neurological deficit in Garcia
score with no infarct in the TIA-affected cortical and basal ganglia region within 24 hours
after reperfusion. 2° Swiss Albino mice exhibited selective neuronal necrosis up to 3 days
following 15-min distal MCAO, and 15-min MCAO in Spontaneously Hypertensive rats
have shown consistent selective neuronal loss, microgliosis and neurological deficit
during the subacute and chronic phase.?® Thus, preliminary MCAO experiments from 10-
15 min duration to detect the infarction threshold in different strain need to be determined

when applying TIA model in rodents.

2. Ischemia-induced AD-related biomarkers, neuronal cytoskeletal modification,
and neuroinflammation

2.1 Ischemia-induced AD-related biomarkers.

Although cerebrovascular disease has been considered as an exclusion criterion
for Alzheimer disease clinical diagnosis, 3° emerging evidence has shown the significance
contribution of cerebrovascular factors to cognitive decline and neurodegeneration in AD.
Vascular diseases share common risk factors with AD, such as diabetes, atherosclerosis,
hypertension etc., evidenced by populational-based epidemiological studies. 3! Cerebral
blood flow decrease with reduced brain blood metabolism have been observed in AD
patients. 32 33 Besides, previous case reports demonstrated the patients who have
ischemic stroke with small lesion which would not impair cognitive function, further
developed dementia during the follow-up period, indicating AD might interact with
cerebrovascular dysfunction to aggravate the outcome of the disease.3* In 2011, Dr.

Zlokovic brought up the two-hit vascular hypothesis of AD. The hypothesis states that



vascular risk factors (diabetes, stroke, or cardiac disease) may trigger the
cerebrovascular damage, including BBB dysfunction and oligemia as primary damage (hit
1). BBB dysfunction and oligemia further initiates non-amyloidogenic pathway that
contributes to neuronal dysfunction and damage mediated by toxin accumulation and
capillary hypoperfusion, on the other hand, BBB dysfunction and oligemia can also induce
amyloidogenic pathway by inhibiting clearance or enhancing production of amyloid beta,
leading to amyloid beta accumulation and tau hyperphosphorylation (hit 2), which further
aggravate neuronal dysfunction and accelerate the progression of neurodegeneration. 35
Ischemic stroke and TIA are associated with high risk of AD and ADRD. %10 Increased
expression and activity of amyloid precursor protein cleaving enzyme-beta secretase
(BACE1) has been found after ischemic stroke model, which may support the two-hit
hypothesis to AD and partially explain epidemiological study that cerebrovascular
changes can coexist with AD. 3637 In the current study, we aimed to investigate if TIA can

induce the AD-related biomarkers which have been recognized following ischemic stroke.

2.2 Ischemia-induced neuronal cytoskeletal modification.

The neuronal cytoskeleton is a 3-dimensional lattice composed of actin filaments,
neurofilaments, and microtubules. The recent studies of neuronal cytoskeleton under
physiological and pathological conditions have advanced our knowledge on its vital role
in the central nervous system (CNS) beyond mere scaffolding. 38 Neuronal cytoskeleton
participates in the axonal guidance and growth, maintaining neuronal homeostatic
plasticity and regulation of axonal regeneration after damage or neurodegeneration.3%:49

The altered neuronal cytoskeleton has been recognized as the hallmarks of many



neurodegenerative diseases, for instance, tauopathy and neurofilament-light aggregation
have been recognized in AD pathology.*' Ischemic injury can induce retraction or loss of
neuronal dendritic spines and axons which contribute to functional disability even when
the parent neuron survives.*?42 The injured neurons further undergo axonal regeneration
or regrowth for neurite network reconstruction to promote functional recovery following
CNS injury.** All these neuronal morphological and functional changes are closely
associated with dynamic cytoskeletal remodeling and organization. Given the close
linkage between cerebrovascular dysfunction and AD, together with the strong evidence
supporting the vital role of cytoskeletal alternation in AD pathology, the neuronal
cytoskeletal modification as a response to cerebral ischemia has been receiving notable
attention for exploring new therapeutic targets to prevent and slow down the progression

of AD and ADRD.

2.2.1 Microtubule associated proteins (MAPs)

MAPs are the family of proteins that interact with microtubules (MTs) to regulate
its dynamics and stability. MAP2/tau family include neuronal MAP2, tau and non-neuronal
MAP4. Tau and MAP2 are stabilizing MT associated proteins, whose functions are
predominantly mediated by phosphorylation to maintain or reorganize MT bundles. MAP2
is mainly expressed in soma and dendrites with mixed orientation, which has higher and
lower molecular weight isoforms: MAP2a, 2b (~270kDa), MAP2c, 2d (~70kDa).*> Tau is
primarily distributed in neuronal axons with distinct polarity and at the lower expression in
oligodendrocytes and astrocytes. It has six major isoforms in the brain, and perform the

function of neuronal morphology maintenance, axonal formation and transport



modulation.*® Only MAP2 can bundle actin filament, which may promote neurite initiation,
contributing to the neuronal functional difference between MAP2 and tau.*®

In the setting of ischemia, a diminished MAP2 immunoreactivity has been widely
recognized as a sensitive ischemic marker in various cerebral ischemia/hypoperfusion
models established in gerbil,4”48 rats,*%% monkeys,®! or even human cases.®?> MAP2-
related immunoreactivity intensity shows rapid reduction as early as 2 hours after mild
and severe cerebral ischemia, and it proves to be a promising candidate to identify core
region, as well as perilesional region.®® In response to ischemia, calpain-mediated
proteolytic degradation is primarily responsible for MAP2 loss. In hippocampal slice, OGD
can activate NMDA receptor and trigger calcium influx, contributing to MAP2 degradation
and redistribution from dendrites to somata, which can be alleviated by calpain inhibitor,54
suggesting a critical role of calpain as calcium-dependent enzyme in ischemia-induced
MAP2 decline. It is plausible that MAP2 might be degraded and potentially released to
the blood. Indeed, serum MAP2 elevation subjected to MCAO can be detected as early
as 30 min, even before the appearance of visible infarction, indicating that serum MAP2
might serve as a biomarker for ischemia-induced neuronal damage.>%5¢ Besides MAP2,
tauopathy has been identified in cerebral ischemia and recognized as vascular risk factors
for ADRD. Previous data from our lab provides evidence that hyperphosphorylation of tau
and neurofibrillary tangle (NFT)-like tauopathy can be induced after transient cerebral
ischemia.3”-%” The tau protein dysfunction after ischemia-reperfusion injury has been
previously reviewed in detail.5® Ischemic brain injury affects the tau modification at gene
and protein level, leading to tau deposition, and the potential underlying mechanisms

including autophagy, oxidative stress, apoptosis etc. give new insights to therapeutic



strategy of irreversible post-ischemic AD-type neurodegeneration.

2.2.2 Neurofilament (NF)

NF is the type-IV family of intermediate filament (IFs) in the CNS, consisting of NF-
heavy, medium, light subunits (NFH, NFM, NFL), and a-internexin (INA), which is
functionally interdependent from NF triplet proteins.5® Unlike the other two cytoskeleton
components, NF are more stable and set up cross-bridge with microfilaments or MTs to
form dynamic cytoplasmic bundles or networks. NF phosphorylation plays an essential
role in axon diameter and transport regulation, whereas aberrant NF alternation has been
widely recognized in many neurodegenerative diseases.®® Increasing evidence has
indicated that NF-Light as a potential biomarker for axonal injury in cerebral
ischemia/hypoperfusion, which further suggest the significant impact of vascular

dysfunction in neuron degeneration.

NF is an ischemia-sensitive element of the neuronal cytoskeleton. The mRNA level
of NFL, NFH and INA in the neocortex region dramatically decreased during the first 24-
hours after focal cerebral ischemia.®’ Similar transcriptional patterns and distinct
immunofluorescence signaling of NFs are confirmed using different experimental focal
cerebral ischemic models and human stroke samples.?? Increased NFL fluorescence
intensity with down-regulated INA, NFM and NFH immunoreactivity was identified in the
ischemic area. The up-regulated NFL further expanded to the penumbra region and
colocalized with neuroprotective HSP70 positive area at 24-hour post-ischemia,
suggesting that NFL alteration happens as an early event and tends to be a potential

biomarker to identify salvageable tissue when subjected to ischemia.®? Additionally,



increased NFL degradation products of lower molecular weight with full length 69 kDa-
NFL downregulation have been identified using polyclonal antibody in Western Blot,
which is consistent with previous study showing reduced NFL immunoreactivity from the
infarct region detected by monoclonal antibody.® Not only NFL expression levels altered,
its staining pattern also changed from smooth, even distribution to a loose, bulb-like,
disconnected deformation in axon, reflecting axonal functional and integrity impairment
after cerebral ischemia.®:62.6465 |schemia-induced neuronal damage and blood-brain-
barrier (BBB) dysfunction leads to the quick release of neuroaxonal markers (NFs) from
disrupted axonal membrane to plasma and cerebrospinal fluid (CSF). Elevated NFL and
phospho-NFH expression level in CSF and serum have been observed within the first 3
weeks in ischemic stroke patients.®® Serum NFL elevation can be observed as early as
24 hours following ischemic stroke or TIA, and it can correlate with clinical severity on
admission and functional outcomes at 3-month, indicating that serum NFL level might be
a good indicator to differentiate TIA from ischemic stroke patients.®”68 Overall, NF-light is

likely to represent a sensitive biomarker for early ischemia-induced axonal damage.

In the current study, we aimed to investigate if TIA can induce the neuronal

cytoskeletal modification which might share the similar feature with AD pathology.

2.3 Neuroinflammation

Cerebral ischemia can trigger the acute injury phase, characterized as
excitotoxicity, impaired ionic homeostasis, mitochondria dysfunction, edema and free

radical formation.®® The depletion of oxygen and glucose causes irreversible damage to



neural cells, and when ischemia persists long enough, it can induce neuronal death,
forming an ischemic core and the surrounding hypoperfused penumbra region. Neural
cells affected by the initial ischemic injury can trigger multiple cascades of secondary
injury in the following hours to days after cerebral ischemia, which are predominately
resulted from neuroinflammatory response.’® Neuroinflammation plays a critical role in
cerebral ischemia pathophysiology, especially in respect of reperfusion, and the blockage

of neuroinflammation can dramatically reduce ischemic injury in experimental settings. ”’

Cerebral ischemia induces a robust neuroinflammatory response by danger-
associated molecular patterns (DAMPSs) release from injured brain regions. The immune
cells can identify DAMPs through pattern recognition receptor and further triggers the
intracellular signaling pathways.”> Among activated immune cells in the CNS, microglia
are the first cell population to respond to these dangerous signaling. Within minutes
following cerebral ischemia, microglia are activated and undergo morphological changes,
secreting multiple cytokines. At the same time, astrocytes as the most abundant glia in
CNS, are highly involved in the immune response and support the neuronal survival in the

acute phase.

2.3.1 Microglia

Microglia are resident immune cells in the central nervous system, and it plays an
essential role in neurogenesis, myelin turnover and dynamic synaptic remodeling through
monitoring functional state of synapses.”>’* Microglia also represent the only population

of macrophage-like cells in CNS parenchyma, and function in phagocytosis and
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orchestrating inflammatory cascade in response to various neurological diseases.”
Resident microglia are activated shortly and accumulated in the ischemic-affected core
and penumbra regions following cerebral ischemia.”® Upon activation, microglia can
undergo morphological changes to decrease complexity of cellular processes and shift
from a specific ramified phenotype termed ‘resting microglia’ to an amoeboid appearance

termed ‘activated microglia’ with round cell body and short pseudopodia, which enable

them to move quickly towards the affected region and perform immune response. 77
Activated microglia can exhibit phenotypic and functional diversity based on the strength
and the duration of stimulator. 7® Traditionally, at least two activated phenotypes have
been categorized: ‘classical activated’ (M1 type) and ‘alternative activated’ (M2 type). The
M1 type microglia can release various proinflammatory cytokines (e.g., IL-13, TNF- q,
nitrous oxide) which can induce neuroinflammation, neurotoxicity, and aggravate the
brain infarction, meanwhile, the M2 type microglia can release various anti-inflammatory
cytokines (e.g., IL-10, TGF-B) and neurotrophic factors (e.g., brain-derived neurotrophic
factors/BDNF, vascular endothelial growth factor/VEGF), which can induce anti-
inflammation, neuroprotection and improve stroke outcomes.” In addition to secreting
pro- or anti-inflammatory cytokines, microglia activation can be characterized as high
capacity for phagocytosis, which enable to remove apoptotic cells and debris following
brain injury, especially in M2 microglia. Although there is no convincing evidence
supporting microglial phagocytosis is beneficial or detrimental in tissue repair, it is true
that microglia function as double-edged sword after cerebral ischemia, as its phenotypic
distribution either in ‘toxic’ M1 or ‘protective’ M2 microglia is regulated by surrounding

environment and changes along with the time. 8 The microglia phagocytosis can be
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activated by various receptors expressed on the microglia surface, such as complement
receptors, toll-like receptors, etc.8! Cerebral ischemia induces peripheral neutrophils and
macrophages infiltration, as well as resident microglia activation.®2 The activated
microglia can rapidly migrated towards the infarction region and perform phagocytosis to
clear cellular debris. 8 Interestingly, phagocytic activated microglia reached their peak
number as early as 24 hours after reperfusion and persisted in the similar levels within
the following few days, which provide evidence that microglia can elicit phagocytic
response to mediate inflammation at the early stage even before peripheral macrophages

infiltration.8*

2.3.2 Astrocyte

Astrocytes are the most numerous glia cell type within CNS and are critical for
brain homeostasis, as astrocytes can provide regulatory role in neurogenesis,
synaptogenesis, maintaining BBB permeability, and controlling extracellular balance of
ions and neurotransmitters.8® Astrocytes are also immune-competent glia which enable to
receive danger signals and get respond through cytokines and chemokines release,
leading to adaptive immune defense activation.®® Brian injury induces an extensive glial
response in terms of reactive gliosis, and eventually leading to scar formation surrounding
affected region. Expression of the intermediate filament—glial fibrillary acidic protein
(GFAP) is expressed not only in the progenitor cells of astrocyte, oligodendrocytes, and
neurons, but also widely recognized as the identification of astrocytes in vitro and in vivo,
and an increased expression of GFAP in astroglia is a hallmark for CNS pathology. 887

The astrogliosis has been well studied in various animal models and human brain samples

12



following cerebral ischemia, especially ischemic stroke.®8° Recent evidence show that
the outcome of astrogliosis is time- and context-dependent, and astrogliosis can exert
both beneficial and detrimental effects on the neural tissue repair after injury. Once CNS
injury occurs, the astrocyte undergoes hypertrophy, migration, proliferation and functional
modification determined by the distance from infarction and the severity of the injury.
During this process, ependymal cells and NG2* cells are highly involved in the progress
of gliogenesis. The gliogenesis, together with astrocyte hypertrophy, leads to the astrocyte
activation, then, the astrocytic activation, proliferation and migration coordinate and
contribute to form the glia scar, which mediated via key molecules, such as TGF-$1,
matrix metalloproteinase (MMP9) etc.®® At the acute phase following cerebral ischemia,
glia scar formation is essential for confining the injury site to remodel the tissue, as well
as spatial and temporal controlling local immune responses. The glial barrier enables to
seal the lesion area, regulate extracellular matrix maintenance, prevent potential
infections, limit inflammatory and growth factor cascade, and scavenge free radicals
generation from injured tissue.®’ The glial scar also contribute to revascularization which
strengthen the nutritional, trophic, and metabolic support of the neural tissue. ®' On the
other hand, the glia scar may prevent axonal regeneration and interfere with functional
recovery by forming a physical and chemical (proteoglycans and tenascins) barrier during
the chronic phase following cerebral ischemia.®> Therefore, modulating astrocyte
activation and the underlying signal mechanisms may promote the neuronal functional
recovery after CNS pathology, and they may be the potential therapeutic targets to get

more attention and investigation.
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Here, we focused on microglia and astrocytes in this project to investigate the

effect of TIA on astrocyte and microglia activation.
3. Glucose metabolic regulation in brain function and diseases

During the neuronal cytoskeletal modification under pathological conditions, the
cytoplasmic organelles orchestrate and coordinate each other to mediate
compartmentalized signaling mechanism through transporting and regulating
mitochondrial and glycolytic-related enzymes.®® Glucose is the primary fuel for the brain,
which accounts for around 20% of whole body glucose consumption.® Other alternative
substrates including lactate, fatty acid and some amino acids can also be used for the
brain in response to stress and high glucose consumption, such as fasting or prolonged
exercise. % Glucose is primary responsible for fulfilling complicated neurological functions,
including neuronal signaling transmission (synaptic signaling, action potential) and non-
signaling activity (cytoskeletal remodeling, axonal transport). At the same time, glucose
can provide carbon for the synthesis of biological molecules (amino acid, fatty acid), and
glucose metabolites—NADPH, which has been considered to play an important role in
antioxidant reaction.®® Disturbances of brain glucose metabolism provides the
pathophysiological basis for neurological disorders, especially during the early stage in
cerebral ischemia, AD and PD. %97 After cardiac arrest, reduced brain glucose
metabolism has been observed in the cortical region as early as 2 hours and up to 5 weeks
following return of spontaneous circulation (ROSC).9”*° From fluorodeoxyglucose (FDG)-
positron emission tomography (PET), decreased glucose uptake in the infarct region with
up-regulated glucose uptake in the peri-infarct region has been indicated at 2 hours after

ischemic stroke, which may indicate the neural cells from peri-infarct region undergo
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aerobic glycolysis to compensate and provide energy in response to cerebral
ischemia.0%.101  Additionally, glia cells have been highly involved in the glucose
metabolism disruption after cerebral ischemia. Compared with neurons and astrocytes,
microglia have a higher capacity to support energy needs through non-oxidative
phosphorylation pathway in the peri-ischemic region. 2 The penumbra region within
hyper-glycolytic activity following cerebral ischemia has been reported to activate
microglia and increase ROS production, leading to more severe brain injury, however, the
inhibition of glycolytic key enzyme can suppress microglia activation and alleviate the
ischemic outcomes.'%® Recent study further indicates that fractalkine receptor chemokine
ligand 1 (CX3CL1) from microglia can mediate glucose metabolism to up-regulate anti-
inflammation signaling and decrease ischemic brain injury via elevating oxidative
phosphorylation and suppressing glycolysis.'® During the recovery phase after oxygen-
glucose-deprivation (OGD) in primary astrocyte, astrocytic energy metabolism to support
survival and recovery predominantly exhibit an increased glucose mobilization through
pentose-phosphate-pathway (PPP) and tricarboxylic acid (TCA) cycle.'® Besides,
following ischemic stroke, the elevation expression of monocarboxylate transporter 1
(MCT1) in oligodendrocytes has been observed in the myelinated axons-enriched per-
infarct striatum region, which may redistribute energy substrate and up-regulate lactate
release to satisfy neuronal needs in response to ischemic condition.' Overall, advanced
methods for analyzing cell-type-specific or region-specific features of glucose metabolism,
as well as a deeper exploration for the links between glucose metabolism and cerebral
ischemia are warranted to facilitate the understanding of normal brain physiology and

neuropathology of neurological diseases.
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CHAPTER 1

Recurrent Transient Ischemic Attack Induces Neural Cytoskeleton Modification

and Gliosis in an Experimental Model

SUMMARY: Transient ischemic attack (TIA) presents a high risk for subsequent stroke,
Alzheimer's disease (AD) and related dementia (ADRD). However, the
neuropathophysiology of TIA has been rarely studied. By evaluating recurrent TIA-
induced neuropathological changes, our study aimed to explore the potential mechanisms
underlying the contribution of TIA to ADRD. In the current study, we established a
recurrent TIA model by three times 10-minute middle cerebral artery occlusion within a
week in rat. Neither permanent neurological deficit nor apoptosis were observed following
recurrent TIA. No increase of AD-related biomarkers was indicated after TIA, including
increase of tau hyperphosphorylation and B-site APP cleaving enzyme 1 (BACE1).
Neuronal cytoskeleton modification and neuroinflammation was found at 1, 3, and 7 days
after recurrent TIA, evidenced by the reduction of microtubule-associated protein 2
(MAP2), elevation of neurofilament-light chain (NFL), and increase of glial fibrillary acidic
protein (GFAP)-positive astrocytes and ionized calcium binding adaptor molecule 1
(Iba1)-positive microglia at the TIA-affected cerebral cortex and basal ganglion. Similar
NFL, GFAP and Iba1 alteration was found in the white matter of corpus callosum. In
summary, the current study demonstrated that recurrent TIA may trigger neuronal
cytoskeleton change, astrogliosis and microgliosis without induction of cell death at the
acute and subacute stage. Our study indicates that TIA-induced neuronal cytoskeleton
modification and neuroinflammation may be involved in the vascular contribution to

cognitive impairment and dementia.
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1. Introduction

Transient ischemic attack (TIA) was defined as an episode of rapid-onset and
short-lasting focal neurological disorder attributed to focal ischemia of CNS without acute
infarction. ' TIA usually occurs more than once with one-third of TIA patients having
recurrent episodes, and recurrent TIA within 7 days are associated with a higher risk of
severe stroke than after a single TIA. 35 Besides, white matter damage in TIA patients
correlates with early cognitive decline  and TIA may significantly contribute to Alzheimer’s
disease (AD) pathology 7, supporting vascular contribution to AD and ADRD. ®'° However,
TIA has received little attention in the experimental research field compared with other
types of stroke, and its pathophysiology have been rarely studied.

The traditional TIA definition was based on full resolution of neurological symptoms
within 24 hours of onset. Nevertheless, full functional recovery does not necessary
indicate absence of neuropathological changes at the CNS. Early MRI studies has shown
infarctin 46 - 81% of classically diagnosed TIA patients. '":12 Diffusion-weighted MRI (DWI)
lesion are frequently observed in TIA patients. ' Furthermore, decreased fractional
anisotropy has been found in TIA patients even without DWI lesion. ' Functional MRI
study has revealed a decreased resting-state network connectivity at 1-month after onset
of TIA symptoms. ' In a rat experimental TIA model, cortical selective neuronal loss with
congruent microglial activation have been observed without MRI lesion and necrosis. %°
In a mouse TIA model, neuronal apoptosis and cerebral vasculature abnormalities has
been found without DWI and T2-weighted MRI (T2WI) lesion in the brain. 22 These studies
suggest that TIA may induces microstructure modification in the brain even without infarct.

In the current study, we established a recurrent TIA model in rats and investigated the
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neuropathological change after recurrent TIA with a focus on AD-related biomarkers,

neuronal cytoskeleton, and gliosis.

2. Materials and methods
2.1 Animals.

Sprague Dawley male rats (3-month-old) were purchased from the Charles River
Laboratories (Hollister, CA). All animals were kept in independent ventilating cages with
access to laboratory chow and water ad libitum under a fixed 12:12 light-dark cycle. All
animal procedures were reviewed and approved by the University of North Texas Health
Science Center Institutional Animal Care and Use Committee.

2.2 Surgical procedure.

The ischemic stroke and TIA were induced by transient middle cerebral artery
occlusion (MCAO) under 2.0% isoflurane anesthesia as previously described.'® Body
temperature was maintained at 36.5 to 37.5 °C with a thermostat-controlled heating
blanket during the entire procedure. The internal carotid artery (ICA) was exposed, and a
4-0 monofilament nylon suture with a silicone-coated tip (Doccol Cooperation, MA) was
introduced into the ICA lumen and gently advanced to the origin of the middle cerebral
artery (MCA) until proper resistance was felt. The blood flow was restored by suture
withdrawal from ICA and MCA for reperfusion after 75-min MCAO for ischemic stroke.
For recurrent TIA, the MCA was occluded for 10 min and the procedure was repeated
three times every other day (Day 0, 2, 4). For sham surgery, all physiological parameters
remained the same as recurrent TIA group except that the suture was not introduced into
the MCA. The rats were sacrificed at 1, 3, or 7 days after TIA for further analysis as

described below.
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2.3 Behavior test.

Rats (N=5-21 per group) underwent neurobehavioral tests to evaluate motor
function. The Garcia behavioral assessments, the cylinder test and body weight
measurements were performed at the same time of the day from 24 hours before surgery
to the experimental end points by an investigator blinded to the experimental groups.
2.3.1 Garcia neurological test.

The Garcia score, ranging from 0 to 18, is a scale to evaluate neurological function
based on different parameters including spontaneous activity, symmetry of movement
and outstretch of limbs, circling behavior, climbing ability, body proprioception, and
vibrissae touch.'® The lower score indicates more severe neurological damage. The
Garcia Neurological test was performed at 2-hour after first TIA or ischemic stroke and
tested repeatedly every day.

2.3.2 Cylinder test.

The cylinder test was used to assess locomotor asymmetry after TIA or ischemic
stroke. The rats were placed inside a tall, open-top cylinder, and the forelimb activity when
rearing against the wall was observed. The number of impaired and unimpaired forelimb
contacts was recorded and the percentage of impaired forelimb contacts in total contacts
was calculated for each animal.'® A trial continued until a rat performs a minimum of 20
independent rears where they touch the walls of the cylinder using their forelimbs (around
5 min/animal). One trial was conducted during each testing period. Cylinder test was
performed 24-hour before TIA or ischemic stroke and repeated every other day after TIA
or ischemic stroke.

2.4 Sample preparation and Western blot analysis.
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The rats were anesthetized using isoflurane inhalation and cardiac perfusion with
ice-cold normal saline. Brains were immediately harvested and the cross section from
Bregma +1 to -1 mm was sampled for Western blot analysis. The rest of the brain was
fixed in 4% paraformaldehyde and processed for paraffin embedding.

For Western blot analysis collection, the neuroanatomical potential core of infarct
predominantly supplied by MCA was further dissected into the cerebral cortex and basal
ganglia region, the detailed identification of the core of the infarct has been well-accepted
and used by us.""" To ensure equal loading, protein concentration was determined using
Pierce 660nm Protein assay reagent (Thermo Scientific). Protein was then be resolved
on SDS gel and transferred to a nitrocellulose membrane. After blocking with milk, blots
were incubated overnight with anticipated primary antibodies (Table1) at 4 °C followed
by secondary antibody (Goat, Jackson Immunoresearch, West Grove, PA).
Chemiluminescence signal was detected with Biospectrum 500 UVP imaging system.
Protein band density was quantified by ImagedJ (NIH, USA) and normalized to B-actin.
2.5 Immunohistochemistry and TUNEL Staining.

Coronal brain sections (7-um thick) were obtained from the cerebrum after fixation
and paraffin embedding. For immunostaining, sections were blocked with 5% donkey
serum and 0.2% Triton-X in Superblock Blocking Buffer™ (Thermo Scientific, USA) for
1h at room temperature after de-paraffinization and antigen retrieval. Sections were then
washed and incubated with primary antibodies (Table 1) at 4 °C overnight followed by 60-
min incubation of Alexa Fluor conjugated secondary antibodies (Thermo Fisher Scientific,
USA). The sections were mounted with ProLong™ Gold antifade reagent with DAPI

(Invitrogen, USA). Z-stack microscopic images were obtained by Zeiss LSM 510 META
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confocal microscope (Carl Zeiss, USA). Images were processed for maximum intensity
Z-projection by Imaged software (NIH, USA). To detect apoptotic cells, the fragmentation
of genomic DNA was recognized by in situ staining of DNA ends with TdT-mediated dUTP
nick end labeling (TUNEL; Progega, USA) following the manufacturer’s instruction. Axio
Observer Z1 fluorescent microscope (Carl Zeiss, USA) was used to detect FITC-labeled
TUNEL stain.

2.6 Imaging analysis.

For fluorescence intensity analysis, microscopic images were taken using Image
Xpress PICO system (Molecular Device, CA) or confocal microscope. Same threshold
was applied to select target protein-positive staining and exclude background using
Imaged. Four or five regions of interests (ROIs) were randomly selected in the ipsi- and
contralateral cortex and basal ganglia. The fluorescence intensity and positive area
fraction were measured by analyzing mean gray value and area fraction. For soma and
axon of tau fluorescence analysis, 18-25 neurons/animal were selected from 40x confocal
images, the soma and axon region were manually selected and mean gray value was
valued. In corpus callosum, four 40x confocal microscopic images were taken to measure
mean density (mean gray value) and area fraction from ipsi- and contralateral side. For
Iba1* cell count analysis, four 40x confocal images were taken in affected areas and the
total number of Iba1 & DAPI positive labeled cells were counted for each animal.

2.7 Data collection and statistics.

Data were depicted as mean * standard error of mean (SEM). When assessing

functional performance in behavior tests, one-way ANOVA followed by Tukey’s multiple

comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparison test were
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used for multiple groups comparison with one independent variable. Two-way ANOVA
followed by Bonferroni’s multiple comparison test was performed to compare groups with
two independent variables. Paired t-test was used to determine the difference between
the ipsilateral and contralateral side of the brain for Western blot and immunofluorescence
imaging analysis. The a level was set at 0.05, and p-value < 0.05 was considered

statistically significant. Statistical analyses were performed using Graph Pad Prism V.7.

3. Results
3.1 Establishment of recurrent TIAs model based on TIA definition

Previous studies have found that 12.5-min MCAQO was a threshold for no infarction
and 10-min MCAOQ is the optimal model for TIA in rats. 2328 In the current study, recurrent
TIA was induced by 3 times 10-min MCAO every other day. Behavior assessments were
performed every day for up to 7 days after the last TIA episode, and the brains were
collected at 1, 3, or 7-day after the last TIA for further analysis on (PSD1/D5, PSD3/D7,
PSD7/D11) (Figure 1). No neurological impairment was observed after recurrent TIA as
compared to sham, evidenced by the Garcia neurological and cylinder tests. While
ischemic stroke induced by 75-min MCAO as positive control exhibited severe
neurological impairment (Figure2a, 2b). However, recurrent TlAs significantly impacted
body weight than sham. The rats temporarily lost 5.8% of baseline body weight for up to
3 days and gradually gained 5.2% of baseline at 7-day after recurrent TIAs, whereas
ischemic stroke dramatically induced body weight loss around 19.7% of baseline for at
least 7 days after reperfusion (Figure 2c). To confirm acute infarction and perform

histochemical studies in recurrent TIA model, we further dissected and defined the brain
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as potentially core of infarct exclusively supplied by MCA as described above (Figure 3).
As predicted, 75-min MCAO induced extensive apoptosis in the MCA territory evidenced
by TUNEL staining. There was very minimal apoptosis detected in the affected cerebral
cortex and basal ganglia region on day-1, 3, 7 (PSD1,3,7) after recurrent TIA (Figure 4a,
4b).
3.2 BACE1 expression and vascular endothelial growth factor (VEGF) expression
after recurrent TIA

We determined the effect of recurrent TIA on beta-secretase (BACE) and VEGF
activation. Western blot analysis indicated that no significant difference of BACE1
expression was observed in the affected cerebral cortex and basal ganglia region at 3,
and 7 days after recurrent TIA (Figure 5a, 5b,5c). Besides, there was no significant
difference of VEGF expression in the cortex and basal ganglia on day 3 after recurrent
TIA (Figure 6a, 6b). Representative immunofluorescence microscopy further confirmed
that VEGF exhibited a similar expression pattern in the ipsilateral cortex and basal ganglia
as compared the contralateral side on PSD3 after recurrent TIA (Figure 6c).
3.3 Neuronal cytoskeletal modification induced by recurrent TIA

We determined the effect of recurrent TIA on tau phosphorylation. Western blot
analysis demonstrated significantly decreased total tau expression in the TIA affected
basal ganglia, but not cortex, at 1 day after recurrent TIA. In addition, a significantly
reduced expression of phospho-tau at Ser396 was observed in the frontoparietal cortex
and basal ganglia on day 1 after recurrent TIA. The reduction of tau and phosph-tau
seems recovered quickly and no significant difference in the level of tau and p-tau at

Ser396 was found at 3 or 7 days after recurrent TIA (Figure 7a, 7b, 7c).
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Immunohistochemistry and confocal microscopy confirmed the reduction of p-tau (Ser396)
and total tau in the TIA-affected territory at 1 day after TIA (Figure 8). Quantitative
analysis indicated a significant reduction of total tau in the ipsilateral basal ganglia, but
not cortex, as compared with the contralateral side at 1 day after recurrent TIA (Figure
9a). Further analysis showed a significantly immunofluorescence intensity reduction in
soma and axon, with no difference in soma/axon expression ratio in cerebral cortex at 1
day after recurrent TIA (Figure 9b). Immunohistochemistry of P-tau (Ser396) exhibited a
significantly decreased fluorescence intensity in the affected cortex and basal ganglia
region on day 1 after recurrent TIA (Figure 10). Similarly, significant reduction of
phosphorylated tau at Ser202/Thr205 (AT8) was indicated in the cortex and basal ganglia
at day 1, but not 3 and 7, after recurrent TIA evidenced by Western blot (Figure 11) and
immunohistochemical analysis (Figure 12).

Western blot and quantitative analysis indicated a significant decrease of MAP2 in
the ipsilateral cortex and basal ganglia at 1, 3, and 7 days after recurrent TIA as compared
with the contralateral side (n=7) (Figure 13a,13b). Immunohistochemistry and confocal
microscopy demonstrated a significant MAP2 loss in the soma and apical dendrites in the
TIA-affected cortical and basal ganglia region on day-1, 3, and 7 after recurrent TIA
(Figure 14,15). On the other hand, the frontoparietal cortex supplied by ACA showed no
change in MAP2 immunoreactivity (Figure 15).

We further explored neurofilament-Light chain modulation after recurrent TIA.
Western blot analysis demonstrated a significant increase of NFL expression in the TIA-
affected basal ganglia as compared to the contralateral side at 3, but not 1 and 7, days

after recurrent TIA (Figure 16). Confocal microscopy images demonstrated a significant
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increase of NFL staining in the axon bundles at the ipsilateral basal ganglia at 3 days
after recurrent TIA (Figure 17).
3.4 Recurrent TIA induces astrogliosis and microgliosis

Western blot analysis indicated a significant GFAP elevation in the ipsilateral
cortex and basal ganglia as compared with the contralateral side at 1, 3, and 7 days after
recurrent TIA (Figure 18). Immunohistochemistry and microscopy analysis indicated
reactive astrogliosis in the TIA-affect cortical and basal ganglia region at 7 days after
recurrent TIA, evidenced by the GFAP* area fraction elevation (Figure 19). Confocal
microscopy of Iba1 immunohistochemistry demonstrated active microglia phenotype in
the TI1A-affected cortical and basal ganglia regions, evidenced by the significant increase
in Iba1* area fraction and cell count at 7 days after recurrent TIA (Figure 20). The Iba1-
positive microglia scatter in the contralateral cortical and basal ganglia regions with typical
ramified morphology. On the other hand, large amount of Iba1-positive microglia
congregates in the TIA-affected cortex and basal ganglia and display amoeboid
morphology. Some Iba1-positive microglia juxtapose to each other with large and irregular
nuclei (Figure 19).
3.5 White matter modification in response to recurrent TIA

We determined neuronal and glial cytoskeletal alteration in the corpus callosum at
7 days after recurrent TIA. Immunohistochemistry and confocal microscopy revealed
increased NFL™ area fraction and mean intensity in the ipsilateral corpus callosum as
compared with the contralateral corresponding region. In addition, there was a significant
increase in area fraction for GFAP and |Iba1l immunostaining in the ipsilateral corpus

callosum with no difference in mean intensity as compared with the contralateral region.
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No significant difference in Iba1* cell count was observed in ipsilateral corpus callosum
as compared with the contralateral region (Figure 21,22). Higher magnification confocal
images of triple immunofluorescence labeling from NFL, GFAP, Iba1 or DAPI
demonstrated neuronal and glial cytoskeletal interaction and network which potentially
enable the modification in corpus callosum after recurrent TIAs (Figure 23). No significant
change of myelin basic protein (MBP) in term of MBP* area fraction and mean intensity
was observed at 7 days after recurrent TIA (Figure 24).
4. Discussion

TIA used to be a symptomatic diagnosis disease characterized as reversible
stroke-like neurological deficits. Recently, AHA/ASA council has revised the TIA definition
from time-based to tissue-based as a transient episode of neurological dysfunction
caused by focal brain, spinal cord or retinal ischemia without acute infarction. ' Thus,
three criteria should be met for an experimental TIA model based on the tissue-based
definition: temporary blockage of a cerebral artery, an episode of neurological dysfunction,
and no detected infarct lesion.?® The rodent intraluminal suture MCAO model is the most
frequently used and reliable experimental stroke model that revealed many aspects of
ischemic stroke pathophysiology. 2426 Recently, ten minutes or shorter intraluminal suture
MCAO has been used for TIA model in rats, which induces minimal apoptosis without
T2WI lesion. 2229 In the current study, we introduced three times 10-minute MCAO in rats
as a recurrent TIA model. The TIA rats circled to the lesion side immediately after waking
up from the anesthesia and fully recovered quickly without any detected neurological
deficit. Neither infarct, brain swollen, nor apoptosis was observed in the TIA-affected brain

region at up to 1 week after recurrent TIA.
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Vascular endothelial growth factor (VEGF) plays an important role in angiogenesis,
neurogenesis, and vascular permeability, which has multiple effects associated with
ischemic stroke ''2. It is demonstrated that VEGF expression upregulation has been
observed following ischemic stroke in both rodents ''* and human samples "4, indicating
the increased angiogenesis induced by cerebral ischemia. VEGF expression is closely
related to blood-brain-barrier (BBB) leakage especially in the acute phase after ischemic
stroke, and VEGF administration to rodent brain may promote the BBB leakage following
ischemic stroke 15, In the present study, we observed no VEGF expression change at
day-3 after recurrent TIA, which may provide evidence that no BBB dysfunction was
induced by recurrent TIA in the acute phase.

Cerebrovascular changes often coexist with AD. Amyloid angiopathy frequently
occurs in AD patients. "6 There is increasing evidence supporting vascular contribution
to AD and ADRD. %1%117 |schemic stroke, including TIA, is associated with high risk of AD
and ADRD "8119_ Our previous studies using experimental ischemic stroke models have
demonstrated that ischemic stroke induces AD-like tauopathy and BACE1 activation,
providing evidence that AD and vascular cognitive impairment/dementia, traditionally
considered distinct clinical and pathophysiological entities, might share common features
and converging pathogenic mechanisms. 36:37.120.121 \We expected that recurrent TIA may
increase BACE1 activation and tau phosphorylation without inducing infarct lesion.
Instead, we observed a transient reduction of total tau and phospho-tau at multiple
phosphorylation sites after TIA. No change of BACE1 expression was found after
recurrent TIA. To our surprise, an early and persistent change of MAP2 was indicated

after recurrent TIA.
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The modification of neuronal cytoskeleton components, including tau, MAP2, and
NFL have been extensively investigated in ischemic stroke. Diminished tau and MAP2
associated with NFL up-regulation in the ischemic lesion have been identified in
experimental stroke model of permanent MCAO as well as human stroke cases. %5122
However, modification of neuronal cytoskeleton in response to TIA has not been explored.
In the current study, we observed an early and lasting MAP2 reduction in the soma and
apical dendrites at the affected cortical and basal ganglia regions after recurrent TIA. A
transient reduction of total tau and increase of NFL at the basal ganglia was indicated at
day 1 and 3 after recurrent TIA, respectively. We speculate that the differential
modification of MAP2, tau, and NFL might be attributed to the different localization of
these cytoskeleton components. MAP2 predominantly express in the soma and dendrites
while tau is axon-specific or enriched. % NFL is located in larger caliber myelinated axons.
123 There is indication for differential vulnerability of axonal and dendritic microtubule
components in response to ischemic stroke. ¢ Microtubules in myelinated axons may be
more stable than those in dendrites. At the CNS, axons are enwrapped by
oligodendrocyte-produced myelin, which may provide metabolic substrates to fuel axon
energy requirements 2. Tau is closely associated with myelin thickness '?® and
downregulation of tau decrease myelin basal protein expression. %6 In the present study,
no myelin damage was indicated after recurrent TIA evidenced by the absence of MBP
loss at the corpus callosum. It is plausible that myelin could protect tau or NFL to make
them less vulnerable than MAP2 in dendrite and soma during TIA.

Neuroinflammation characterized as activation of astrocyte and microglia has been

recognized as a common feature of neurological disorders '?7. In term of ischemic stroke,
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peri-infarct astrocyte undergoes reactive astrogliosis to form compact glial scar which
might protect the surrounding healthy brain from exposure to the toxic elements and
cellular debris in the infarct area. On the other hand, it impedes axons regeneration
beyond the glial scar, hence, hinder the recovery process. 8 In the current study,
increased GFAP expression was observed in TIA-affected cortical and basal ganglia
regions at 1, 3 and 7 days after recurrent TIA, suggesting an early and persistent
astrogliosis induced by recurrent TIA. The reactive astrogliosis was confirmed by the
enlargement of astrocyte and increase of GFAP intensity by immunohistochemistry. The
TIA-induced astrogliosis is diffusive without formation of compact glia scar. Furthermore,
diffusive microgliosis was observed in the TIA-affected regions at 7 days after recurrent
TIA evidenced by immunohistochemistry of Iba1.

Microglia has been long believed to like other CNS glial cells with neuroectodermal
origin. It is now firmly established that microglia are derived from myeloid progenitors
belong to the immune system. '?8 In the rodent and human brain, microglia turn over
several times during a lifetime by coupling proliferation and apoptosis. '?° In the current
study, we demonstrated that recurrent TIA may induce extensive microgliosis even
without neuronal cell death. Interestingly, many of these amoeboid microglia congregate
and juxtapose to each other in the TIA-affected cortical and basal ganglia regions with
large and irregular nuclei. Some of the enlarged microglia seem even have 2 adjacent
nuclei. It is likely that the TIA-induced microgliosis is mainly attributed to the activation
and proliferation of endogenous brain parenchymal microglia.

White matter microstructure changes and damage has been found to be closely

correlated with cognitive dysfunction in TIA patients. 8130 White matter change are also
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common in all stages of AD patient evidenced by white matter hyperintensity. '*!' White
matter hyperintensity has been proposed as a neuroimaging marker for TIA diagnosis 3.
White matter hyperintensity often involves more than one structure and different
presentations of white matter hyperintensity may be associated with different
neuropathological changes including myelin loss, axonal disruption, astrogliosis and
microglia activation. '* We observed astrocyte and microglia activation at the corpus
callosum after recurrent TIA, evidenced by the hypertrophic cell bodies and extend long,
wide processes. Furthermore, our study indicates that recurrent TIA may induce axonal
change in the white matter evidenced by the NFL elevation at the corpus callosum even
without myelin loss. The cytoskeleton is essential for neuronal function that ensure the
transmission of chemical and electrical signals between neurons. ' NFL is a primary
component of neurofilament in the CNS. There is mounting evidence that increase of NFL
in blood and cerebrospinal fluid might be a promising biomarker for axonal damage in
various neurological disorders '32. The increase of NFL at the basal ganglia and corpus
callosum suggest potential axonal damage after recurrent TIA, which may further trigger
astrocyte and microglia activation.

Ischemic preconditioning, a sublethal ischemia, can incite endogenous protective
signaling against subsequent lethal ischemic stroke. Preconditioning can be triggered by
stimuli even without serious cell damage '33. TIA might induce ischemic tolerance to
subsequent severe ischemic stroke. An experimental study demonstrated that 5-minute
ipsilateral TIA alleviates subsequent permanent ischemic stroke as compared with
contralateral TIA in a rat MCAO model 2°. It is still not clear whether ischemic

preconditioning occurs after TIA in humans #1136  There is growing evidence that
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microglia may play a critical role in ischemic preconditioning '¥’. Indeed, microglia have
complex roles that can both harm and protect the brain in physiological and pathological
conditions 138, It is plausible that TIA-induced neuroinflammation could be beneficial or
detrimental depending on the nature, intensity, and duration of the ischemia.

In summary, the present study established a recurrent TIA model in rats based on
the recent tissue-based TIA definition. Our study demonstrated that recurrent TIA induces
neuronal cytoskeletal modification, astrogliosis and microgliosis in the TIA-affected
cortical and basal ganglia regions and white matter of corpus callosum. Our study indicate
that recurrent TIA may trigger neuronal cytoskeletal modification and neuroinflammation,
which may potentially impair white matter and neural network, thus, contribute to the
onset and progression of cognitive impairment and dementia. (Figure 25) Future studies
focused on the effect of TIA on each cytoskeleton components, neuroinflammation, and
neural network may elucidate the involvement of TIA in the vascular contribution to

cognitive impairment and dementia.
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CHAPTER 2

Characterizing Region-Specific Glucose Metabolic Profile of the Rodent Brain

Using Seahorse XFe96 Analyzer

SUMMARY: The brain is highly complex with diverse structural characteristics in
accordance with specific functions. Accordingly, differences in regional function, cellular
compositions, and active metabolic pathways may link to differences in glucose
metabolism at different brain regions. In the current study, we optimized an acute biopsy
punching method and characterized region-specific glucose metabolism of rat and mouse
brain by a Seahorse XFe96 analyzer. We demonstrated that 0.5 mm diameter tissue
punches from 180-um thick brain sections allow metabolic measurements of anatomically
defined brain structures using Seahorse XFe96 analyzer. Our result indicated that the
cerebellum displays a more quiescent phenotype of glucose metabolism than cerebral
cortex, basal ganglia, and hippocampus. In addition, the cerebellum has higher AMPK
activation than other brain regions evidenced by the expression of pAMPK, upstream
pLKB1, and downstream pACC. Furthermore, rodent brain has relatively low
mitochondrial oxidative phosphorylation efficiency with up to 30% of respiration linked to
proton leak. In summary, our study discovered region-specific glucose metabolic profile
and relative high proton leak coupled respiration in the brain. Our study warrants future
research on spatial mapping of the brain glucose metabolism in physiological and
pathological conditions and exploring the mechanisms and significance of mitochondrial
uncoupling in the brain.

Keywords: Brain, glucose, hippocampus, metabolism, respiration
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1. Introduction

The mammalian brain is the most expensive organ in terms of energy expenditure
in the whole body with fine regulatory mechanisms to ensure adequate energy substrates
supply in register with neuronal activity. The brain uses glucose as the primary fuel for
energy production predominately through mitochondrial oxidative phosphorylation 3.
Nonetheless, glucose metabolism is not of homogeneity in the whole brain. The brain is
highly complex with diverse structural characteristics in accordance with specific functions.
Accordingly, differences in regional cellular compositions, axonal and dendritic density,
neurotransmitter distribution, and active metabolic pathways, may link to difference in
neuronal function and glucose metabolism for different brain regions 42141 A recent study
using imaging mass spectrometry demonstrated that some of the glucose metabolism
enzymes and ATP level vary dramatically cross the brain '#2. Disruption of glucose
metabolism forms the pathophysiological basis for many brain disorders 43145, Therefore,
the brain spatial metabolic signatures are of high relevance in our understanding of the
normal brain physiology and neuropathology of neurological diseases.

Extracellular flux assay by the Seahorse XFe24 and XFe96 analyzers has provided
a technique for simultaneous measurement of respiration and glycolysis in 24 and 96-
well plates 6. The dynamic measure of oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) enables characterization of metabolic parameters
in cultured cells and isolated mitochondria. However, the cultured cells do not recapitulate
the complex neuron-glia interaction and extracellular matrix in the brain. The purified

mitochondria from brain tissue provide neither intracellular or extracellular environment
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nor spatial metabolic measurement due to the relatively large amount of tissue required
for mitochondrial isolation. Recently, methods have been developed to assess respiration
of acute tissue biopsy from anatomically defined rodent brain regions by the Seahorse
XFe24 and XFe96 analyzers '47-149.150 |n the current study, we modified the acute biopsy
punching procedure and characterized region-specific glucose metabolic profile of rat and

mouse brain by the Seahorse XFe96 analyzer.

2. Materials and methods
2.1 Animals.

Sprague Dawley male and female rats (3-month-old) were purchased from the
Charles River Laboratories (Hollister, CA). C57BL/6J female mice (3-month-old) were
purchased from the Jackson Laboratory (Bar Harbor, ME). All animals were kept in
independent ventilating cages with access to laboratory chow and water ad libitum under
a fixed 12:12 light-dark cycle. All animal procedures were reviewed and approved by the
University of North Texas Health Science Center Institutional Animal Care and Use
Committee and followed EU Directive 2010/63/EU Guide for the Care and Use of
Laboratory Animals.

2.2 Preparation of acute brain slices.

Animals were anesthetized using isoflurane inhalation and brains were
immediately removed and placed in ice-cold oxygenated artificial cerebrospinal fluid
(@CSF; in mmol/L: 120 NaCl, 3.5 KCI,1.3 CaClz, 1 MgCl., 0.4 KH2PO4, 5 HEPES, 10 D-
glucose, pH 7.4). The aCSF was oxygenated by 95% O, with 5% CO: at least one-hour

prior to brain dissection. Agarose (4%) was used to make gel block and brains were
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super-glued to the block and then fixed to the tissue holder of a vibratome (VT1000S,
Leica, Nussloch, Germany) filled with oxygenated ice-cold aCSF. Coronal and sagittal
sections (180 um thickness) were obtained from cerebrum and cerebellum, respectively.
The sections were transferred to a chamber containing aCSF with continuous
oxygenation at room temperature.

2.3 Tissue punching and Seahorse XFe96 analysis.

Brian sections were transferred to a 60 mm cell culture dish containing oxygenated
aCSF at room temperature. Reusable biopsy punch (0.5 mm or 0.75 mm diameter, World
Precision Instrument, FL, USA) was used to obtain tissue punches from different regions
of the cerebral and cerebellar sections under a Zeiss surgical microscope (Carl Zeiss,
Germany). The punch was gently pressed overtop the area of interest in the brain section
and the obtained tissue punch was immediately injected into a poly-L-lysine (Sigma-
Aldrich, USA) coated XFe96 Cell Culture Microplate (Agilent Technologies, CA) based on
pre-defined layout. Each well contained 180 pl aCSF with 1.0 mM pyruvate solution as
assay media. After loading the 96-well plate, punches were manually manipulated to
position in the bottom center of each well. For each Seahorse assay, brain punches
derived from the same animal were seeded in a 96-well plate with n=12 to 16 for each
group. The XFe96 Cell Culture Microplate was then transferred to a non-CO2 incubator
at 37 °C for 30 min. During this period, 10X concentration of each drug for assay
(prepared in aCSF) was loaded in each injection port (A, B, C, D) of the Seahorse XFe96
Assay sensor cartridge that had been hydrated overnight and exchanged for XF Calibrant
solution 3 hours prior to assay initiation. The drug-filled sensor cartridge was inserted into

the Seahorse XFe96 Analyzer (Agilent Technologies, CA) for calibration. Once the
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calibration finished, the calibration plate was replaced by the tissue-containing microplate
to initiate the assay.

Assay protocol contained 4-cycle measurement of OCR / ECAR baseline. Five to
twelve cycles measurement was made after injection of oligomycin (Sigma Aldrich, USA),
gboxin, or genipin (Cayman Chemical, MIl, USA). Four cycles measurement was made
after injection of carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) supplied
with pyruvate (Sigma Aldrich, USA). Four cycles measure were finally made after injection
of rotenone (EMD Millipore, Germany) / antimycin A (Sigma Aldrich, USA). Each cycle
consists of 2-min mix, 1-min wait and 3-min measure period. All the concentrations
indicated are final concentration in the well after injection.

2.4 Immunohistochemistry and confocal microscopy.

Young adult female rats were sacrificed by anesthesia and cardiac perfusion with
ice-cold normal saline. The brains were harvested and fixed in 4% paraformaldehyde and
processed for paraffin embedding. Coronal and sagittal brain sections (7-um thick) were
obtained from the cerebrum and cerebellum, respectively, for immunostaining. Sections
were blocked with 0.2% Triton-X in Superblock Blocking Buffer™ (Thermo Scientific, USA)
for 20 min at room temperature after de-paraffinization and antigen retrieval. Sections
were then washed and incubated with primary antibodies (NeuN: Mouse mAb, 1:150
dilutions, catalog #MAB377, Miillipore; GFAP, Rabbit mAb, 1:250 dilutions, catalog
#12389, Cell Signaling Technology) at 4 °C overnight followed by 60-min incubation of
Alexa Fluor conjugated secondary antibodies (Thermo Fisher Scientific, USA). The
sections were mounted with ProLong™ Gold antifade reagent with DAPI (Invitrogen,

USA). Z-stack microscopic images were obtained by Zeiss LSM 510 META confocal
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microscope (Carl Zeiss, USA). Images were processed for maximum intensity Z-
projection by ImagedJ software (NIH, USA).
2.5 Western blots.

Young adult mice were euthanized and perfused with ice-cold normal saline. The
cerebral cortex, hippocampus, and cerebellum were dissected and protein extractions
were obtained for Western blots carried out as previously detailed '3, using following
primary antibodies: B3-Tubulin (D71G9) (Rabbit mAb,1:1000 dilutions, catalog #5568,
Cell Signaling Technology); Aldehyde dehydrogenase 1 family, member L1 (ALDH1L1,
Rabbit Ab, 1:1000 dilutions, catalog #ab87117, Abcam); GFAP (D1F4Q) (Rabbit mAb,
1:1000 dilutions, catalog #12389, Cell Signaling Technology); GAPDH (Mouse
mADb,1:5000 dilutions, catalog #sc-3223, Santa Cruz Technology); Phospho-AMPKa
(Thr172) (Rabbit mAb, 1:1000 dilutions, catalog #4188, Cell Signaling Technology);
AMPKa (23A3) (Rabbit mAb, 1:1000 dilutions, catalog #2603, Cell Signaling Technology);
Phospho-Acetyl-CoA Carboxylase (Ser79) (Rabbit Ab, 1:1000 dilutions, catalog #3661,
Cell Signaling Technology); Acetyl-CoA Carboxylase (C83B10) (Rabbit Ab, 1:1000
dilutions, catalog #3676, Cell Signaling Technology); Phospho-LKB1 (Ser428) (C67A3)
(Rabbit Ab, 1:1000 dilutions, catalog #3482, Cell Signaling Technology); LKB1
(D60CS5F10) (Rabbit Ab, 1:1000 dilutions, catalog #13031, Cell Signaling Technology).
The membrane was then incubated by HRP-conjugated secondary antibodies (The
Jackson ImmunoReseach Laboratories). Chemiluminescence was detected with
Biospectrum 500 UVP imaging system. Protein band density was quantified by ImageJ
(NIH, USA) and normalized to GAPDH.

2.6 Data collection and statistical analysis.
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The animal data reporting of the current study has followed the ARRIVE 2.0
guidelines '%2. Raw data of OCR and ECAR curve for each well were complied with
Agilent’s Wave 2.6.0 software. Wells with detached or broken tissue punch observed after
assay were excluded from analysis. The basal respiration was measured as OCR in the
absence of mitochondria inhibitors. The residual OCR values and OCR reduction after
oligomycin or gboxin injection was used as proton leak-linked respiration and ATP-
production coupled respiration, respectively. The OCR measurement after FCCP /
pyruvate injection without oligomycin treatment was used as maximal respiration. The
difference between maximal OCR and basal OCR was considered as spare respiration
capacity. OCR measurement after rotenone / antimycin A (Rot / AA) injection represented
non-mitochondria respiration (Figure 1a). ECAR was used for measure of glycolysis rate.
The baseline ECAR was obtained at the starting assay conditions, while the stressed
ECAR was obtained in the presence of stressor mix (oligomycin + FCCP). The metabolic
phenotype showed the baseline OCR / ECAR of punches, as well as the maximal OCR
(obtained after FCCP injection) and ECAR (after oligomycin / FCCP injection). In each
figure (panel), data were derived from the brain punches from the same animal and
seeded in the same plate. Each experiment was repeated at least 3 times under the same
condition from different animals.

Data adhering to normal distribution were depicted as mean £+ SD and non-
normally distributed data were presented as median and interquartile range (being the
25 and 75" percentile) unless otherwise stated. The Shapiro-Wilk test was used to test
for normality. Two-tailed Student t-tests or Mann-Whitney U test were used to identify any

significant difference when comparing two groups. One-way ANOVA followed by Tukey’s
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multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparison
test were used for multiple groups comparison with one independent variable. The a level
was set at 0.05 for all analyses, and p-value < 0.05 was considered statistically

significance. Statistical analyses were performed using Graph Pad Prism V.7.

3. Results

3.1 Region-specific glucose metabolic profile of the young and old rat brain

To determine the glucose metabolism in the presence of native intracellular and
extracellular environment in well-defined anatomical brain structure, we have optimized a
method that enables dynamic metabolic function profiling by the Seahorse XFe96
analyzer using acute rat brain tissue biopsy punches modified from previously reports
149,150 We obtained tissue punches from different brain regions at frontoparietal cortex,
basal ganglia, hippocampal CA1, dentate gyrus, and cerebellar cortex for metabolic
analysis using a Seahorse XF96 analyzer (Figure 26).

We compared different size cerebral cortical and cerebellar punches of 0.5 and
0.75 mm in diameter to obtain reliable OCR measurements. We found that the OCR
readings of the 0.5 mm diameter cortical and cerebellar punches were within the 20-200
pmol/min range recommended by the manufacturer. In addition, the cerebellum
demonstrated a lower basal OCR as compared with the cerebral cortex (Figure 27).

We determined the glucose metabolism profile of cerebral cortical, basal ganglia,
and cerebellar punches obtained from 3-month-old rats using Seahorse XF Cell Mito
Stress Test. Inhibition of mitochondrial complex V by oligomycin has been found to

attenuate the maximal OCR response to mitochondrial uncoupler FCCP %3, Thus, non-
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oligomycin groups were included to obtain the maximal OCR rate. Consistently, we
observed that cerebellar punches exhibited significantly lower basal OCR than cerebral
cortical and basal ganglia punches. Data analysis further revealed that the cerebellum
was significantly lower than cerebral cortex and basal ganglia in maximal respiration and
non-mitochondria respiration (Figure 28a, b). Similarly, significantly lower basal and
stressed ECAR were observed in the cerebellum as compared to basal ganglia and / or
cerebral cortex (Figure 28c,d). Assessment of glucose metabolic phenotype indicated
more energetic phenotypes for all groups in response to stress and that the cerebellum
displays a more quiescent phenotype than cerebral cortex and basal ganglia evidenced
by the lower glycolytic and aerobic activity at the cerebellum than the cerebral cortex and
basal ganglia (Figure 28e).

We obtained tissue punches from hippocampal dentate gyrus, CA1, and
cerebellum of 3-month-old rats for extracellular flux analysis in the same 96-well plate.
Our results demonstrated that dentate gyrus exhibited basal OCR values similar to the
cerebellum while the basal OCR of the CA1 was within the range of cerebral cortex and
basal ganglia (Figure 29a). Data analysis further revealed that dentate gyrus and
cerebellum were significantly lower than hippocampal CA1 in basal respiration and non-
mitochondria respiration. No significant difference was observed in maximal respiration
among CA1, dentate gyrus and cerebellum (Figure 29b). Dentate gyrus displayed similar

basal ECAR as hippocampal CA1, while CA1 was significantly higher than the

cerebellum and dentate gyrus in stressed ECAR (Figure 29c, d). Assessment of glucose
metabolic phenotype indicated that the cerebellum had a quiescent phenotype as

compared with hippocampal CA1 and dentate gyrus (Figure 29e).
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We further determined metabolic phenotype in different brain regions of middle-
aged rats. Tissue punches were obtained from cerebral cortex, basal ganglia, and
cerebellum of 12-month-old rats, and glucose metabolism was assessed by Seahorse XF
Cell Mito Stress test in the same 96-well plate. Consistently, the cerebellum displayed
lower basal respiration and non-mitochondrial respiration than cerebral cortex and basal
ganglia (Figure 30a, b). The cerebellum also displayed lower baseline and stressed
ECAR as compared with cerebral cortex and basal ganglia (Figure 30c, d).

3.2 Region-specific glucose metabolic profile of the mouse brain

We conducted extracellular flux analysis in different brain regions from 3-month-
old mice to explore the region-specific metabolic phenotype in young mouse brain.
Consistently, the cerebellum displayed lower basal OCR and ECAR values compared to
cerebral cortex and basal ganglia. The cerebellum was significantly lower than cerebral
cortex and basal ganglia in basal respiration, maximal respiration, and non-mitochondrial
respiration (Figure 31a, b). A significantly lower baseline and stressed ECAR was
observed in the cerebellum as compared with cerebral cortex and basal ganglia (Figure
31c, d). Assessment of glucose metabolic phenotype indicated that the cerebellum
displayed a more quiescent phenotype with lower glycolytic and aerobic activity than
cerebral cortex and basal ganglia (Figure 31e).

In separate analysis, dentate gyrus exhibited similar basal respiration, maximal
respiration as the cerebellum. Data analysis suggested that the cerebellum was
significantly lower than hippocampal CA1 in basal, maximal respiration, and non-
mitochondrial respiration, as well as significantly lower than dentate gyrus in maximal

respiration and non-mitochondrial respiration (Figure 32a,b). No significant difference in
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baseline and stressed ECAR was observed in the cerebellum as compared with CA1 and
dentate gyrus (Figure 32c,d). Glucose metabolic phenotype assessment implicated a
more glycolytic and aerobic activity for hippocampal CA1 as compared to dentate gyrus
and cerebellum that both maintained a more quiescent phenotype (Figure 32e). Overall,
the region-specific metabolic phenotype in cerebral cortex, basal ganglia, hippocampal
CA1, dentate gyrus, and cerebellum displayed similar region-specific profile in rat and
mouse.
3.3 Oxidative phosphorylation efficiency of mouse brain

We conducted titration experiments to select optimal concentrations of oligomycin
on OCR. Oligomycin treatment induced a dose-dependent OCR reduction which reach
plateau at 5 to 10 uM (Figure 33a, b). We further determined the ATP production and
proton leak-linked respiration in the mouse brain using different concentrations of
complex V inhibitors. Oligomycin and gboxin decreased OCR to similar levels in the
cerebral cortex and cerebellum at 5 yM concentration. Increase of concentration of
oligomycin and gboxin to 10 uM did not provide further inhibition of OCR (Figure 33c, d,
e, f). Data analysis suggested that cerebral cortex has significant higher ATP production,
proton leak-linked, and non-mitochondrial respiration than the cerebellum. Interestingly,
ATP production-linked respiration is about 50% of the basal respiration in both cerebral
cortex and cerebellum. Proton leak-linked respiration comprised up to 30% of basal
respiration in the cerebral cortex and cerebellum (Figure 33c, d, e, f).

We determined the effect of uncoupling proteins (UCPs) inhibitor, genipin, on
mitochondrial proton leak-linked respiration. Acute treatment of genipin at 50 and 100 uM

significantly decreased proton leak coupled OCR with minimal effect on ATP production
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coupled OCR (Figure 34a, b, c). In addition, chronic treatment of genipin at 100 and 150
MM in aCSF supplied with pyruvate for 60 min displayed a trend to attenuate the basal
OCR and significant reduction of proton leak coupled OCR without impact on ATP
production coupled respiration (Figure 34d, e, f).
3.4 Region-specific metabolic signaling in the mouse brain

We determined the cellular components in the brain punches of different brain
regions. Immunohistochemistry and confocal microscopy of the corresponding punch
area demonstrated distinct brain structures with different cellular composites (Figure 35a,
b, c). We further identified the neuronal and astrocytic markers and major metabolic
signaling expression in different brain regions of 3-month-old mice. Representative
Western blots and quantitative analysis indicated a significantly higher neuronal marker
of B3-tubulin in cerebral cortex than hippocampus and cerebellum (Figure 36a, d). The
expression of ALDH1L1, an astrocyte marker, was significantly higher in cerebral cortex
than hippocampus (Figure 36a, e), while GFAP expression was higher in hippocampus
and cerebellum than in cerebral cortex (Figure 36a, f). Activation of AMPK signaling was
significantly higher in the cerebellum than in cerebral cortex and hippocampus evidenced
by higher expression of phospho-AMPKa (Figure 36b, g), phospho-ACC (Figure 36b,
h), and phospho-LKB1 (Figure 36¢c, i). These data indicated that cerebral cortex,
hippocampus, and cerebellum displayed a diverse cellular composition and difference in
activation of metabolic signaling.

4. Discussion
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There are three important findings derived from the present study. First, we have
optimized a method that enables metabolic function assessment of anatomically defined
brain structures by the Seahorse XFe96 analyzer in adult rat and mouse. Second, the
rodent brain has region-specific glucose metabolic profile that the cerebellum displays a
more quiescent phenotype than cerebral cortex, basal ganglia, and hippocampus. Third,
the rodent brain has relatively low mitochondrial oxidative phosphorylation efficiency with
high proton leak-linked respiration.

The Seahorse XFe analyzers measure real-time oxygen consumption rate and
extracellular acidification rate in a multi-well plate to provide a systemic view of metabolic
function in term of basal respiration, ATP production, proton leak, maximal respiration,
spare respiratory capacity, and non-mitochondrial respiration in cultured cells and ex-vivo
tissue samples. By simultaneously assessing mitochondrial respiration and glycolysis
under basal and stressed conditions, it also provides insight into the metabolic phenotype
of cells and tissues. The Seahorse XFe analysis of acute brain punches with same
thickness, diameter, and weight enables high-resolution spatial mapping of brain glucose
metabolism in a relative intact brain microenvironment. In 24-well plate-based assay, 1
mm diameter tissue punches from 250 pm thick rat and mouse brain sections provide
reproducible respiratory measurement using Seahorse XFe24 analyzer 48150 |n 96-well
plate based assay, 0.5 and 0.75 mm diameter tissue punches from 220 um rat brain
sections seems are optimal for metabolic flux analysis '#°. The height of micro-chamber
of XFe96 cell culture microplates is 200 ym. We obtained tissue punches from 180 ym
thick brain sections to avoid tissue damage by the compression of the microsensors

during the assay. The small brain tissue punches and the using of the Seahorse XFe96
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analyzer allow metabolic measurements of anatomically defined brain structures with
sufficient sample size to compare metabolic phenotype of different brain regions in the
same 96-well plate assay. Our study demonstrated that this method could be used to
define glucose metabolic profile of different brain regions at high-resolution in mouse and
rat.

Imaging mass spectrometry of mouse brain sections has demonstrated significant
regional differences in glucose metabolism enzymes '#2. The human cerebellum seems
are unique in term of energy metabolism with lower metabolic rate for glucose than the
cerebrum '%*. In addition, the human cerebellum displays dramatically lower aerobic
glycolysis than the cerebral cortex 15%1%_ In the current study, we consistently observed
lower glucose metabolism in the cerebellum than in other brain regions of young and old
rats as well as young adult mice. The low glucose metabolic phenotype in the cerebellum
was evidenced by the low rate of basal respiration, maximal respiration, non-
mitochondrial respiration, as well as glycolysis. The cerebellum displays a more quiescent
glucose metabolic phenotype at baseline as compared with cerebral cortex, basal ganglia,
and hippocampal CA1 region. The glucose metabolism at cerebral cortex, basal ganglia,
and hippocampal CA1 region shift dramatically toward a higher energetic phenotype
under stressed condition. The cerebellum have different energy budget distribution from
the neocortex with majority of energy on the maintenance of resting potentials while action
potentials account for only small part '3, Our study indicated that the cerebellum has
lower spare respiratory capacity than the cerebrum and that the quiescent state of

glucose metabolism in the cerebellum has less transition toward active state upon stress.
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The brain consists of heterogeneous cells and each cell type has distinct metabolic
phenotype. The region-specific glucose metabolism might be due to the difference in
cellular compositions of different brain regions. Oxidative phosphorylation is the main
mechanism to power neuronal activity in the brain '8 The cerebellum, although
represents only ~10% of total brain mass, contains ~80% of the total brain neurons that
are mostly organized in the densest granule layer %, Interestingly, the high neuron to glia
ratio in the cerebellum is not associated with high glucose metabolism. The granule cells
are the most numerous cell type in the cerebellum and dominate the energy use of the
cerebellar cortex '57. Our cerebellar punches contained molecular layer, Purkinje cell
layer, and granular layer with granule cells as the predominant cell type. We speculated
that the low metabolism rate at the cerebellum was mainly due to the granule cell. Indeed,
a similar glucose metabolic profile was observed in the dentate gyrus as in the cerebellum
in which granule cell is the principal cell type. The low glucose metabolism of the
cerebellar granule cell might be attributed to their small cell body and less dendrites '6°.
However, the low glucose metabolism of the cerebellar cortex with a large amount of
neurons indicates that the cerebellum might have unique mechanism underlying its higher
energy efficient than the cerebrum.

The brain is widely recognized as a highly oxidative organ with disproportionately
high fraction of oxygen consumption *°. The coupling of ATP synthesis and substrate
oxidation in mitochondria is not complete as proton can return to mitochondrial matrix
without producing ATP. The classic oxygen electrode experiments have been used since
1950s to determine mitochondrial bioenergetics function '6'. The state 4 respiration

evaluates the oxygen consumption rate of the mitochondrial respiratory chain
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predominately due to a proton leak. The ratio of the state 3 and state 4, termed as
respiratory control ratio, indicates the level of coupling between oxidation and
phosphorylation process in the mitochondria '6'. In the permeabilized adult mouse brain
tissue, the respiratory control ratio, calculated as the ratio of the state 3 respiration after
adding ADP and the state 4 after adding oligomycin, was around 7 in the cerebral cortex,
indicating high mitochondrial oxidative phosphorylation efficiency of the brain 162,
Nonetheless, the measurement of the state 3app and state 4qigo respiration may include
non-mitochondrial respiration in the permeabilized brain tissue, thus, may not necessarily
reflect the mitochondrial oxidative phosphorylation efficiency. In isolated mitochondria,
the mitochondrial phosphate / oxygen ratio of rat brain has lower mitochondrial oxidative
phosphorylation efficiency than that of heart and liver '®3. In the present study, we
consistently observed high levels of OCR even after complex V inhibition by oligomycin
in different brain regions. We suspected that the less OCR inhibition by oligomycin was
potentially due to the low concentration at 5 yM or short measurement period. We
conducted a titration experiment to determine the dose dependent effect of oligomycin on
OCR with 12-cycle measurement for 85 minutes. Consistently, we observed ~50% OCR
reduction upon oligomycin treatment at the concentration of 5, 10, 20, and 50 uM. Without
oligomycin, no spontaneous OCR reduction was observed within 12-cycles measurement.
However, the brain punches were less response to FCCP after 12-cycles measurement.
In a separate experiment, oligomycin at 10 yM did not provide further OCR reduction after
up to 8-cycle measurements. We used another ATP synthase inhibitor, gboxin, to assess

the ATP production and proton leak-linked respiration and similar results were observed.
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Our results provide further evidence that brain glucose metabolism might be less efficient
with substantial uncoupling.

Mitochondrial proton leak is mediated mainly through adenine nucleotide
translocase and UCPs %4, Inhibition of UCPs has been found to reduce OCR in cell
cultures %5166 We determined the effect of UCPs inhibition on OCR in cerebral cortex
punches. UCPs inhibition by genipin significantly decreased proton leak coupled
respiration with minimal impact on ATP production coupled respiration, suggesting that
the observed proton leak-linked respiration is partially mediated through UCPs in the brain.

The significance of unexpected mitochondrial proton leak in the brain is unclear.
Expression of UCP-2 has been found in the brain to provide neuroprotective effect against
ischemic insult 7. Similarly, expression of human UCP-2 in the mitochondria of adult fly
neurons increases proton leak-dependent state 4 respiration, decrease ROS production,
and extend life span '8, Thus, the mitochondrial proton leak-linked respiration might play
important roles in the oxidative defense and survival of the brain cells. UCP1 is well known
to be responsible for thermogenesis in brown adipose tissue and body temperature
maintenance. There is increasing evidence that brain temperature is significantly higher
than arterial blood and that increases in local brain temperature occur in response to
various stressful and emotionally arousing environment stimuli although the source of the
heat production is not clear '%°-73, The global distribution of UCP2/4/5 in the brain and
their abilities to decrease mitochondrial membrane potential in neurons imply that
neuronal UCPs activation may lead to heat generation 74175, We speculated that the high

proton leak may be coupled to heat production and high temperature in the brain.
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We expected that the differences in regional glucose metabolism identified by the
Seahorse analysis might be associated with different activation of metabolic pathways.
AMPK is an evolutionarily conserved energy sensor and regulator for energy metabolism
76 In mammalian adult brain, AMPKs are mainly expressed and constitutively active in
neurons, with AMPKa2 as the predominant catalytic subunit '"7. AMPK is phosphorylated,
hence, activated by two main mammalian upstream kinases: LKB1 and CaMKKR '78.
LKB1 activates AMPKa2 but not AMPKa1 79181 We observed different activation of
AMPK signaling in different brain regions. The lowest glucose metabolism in the
cerebellum is associated with the highest AMPK activation than other brain regions
evidenced by the expression of pAMPK, upstream pLKB1, and downstream pACC. AMPK
is activated by events that either compromise cellular ATP production or increase ATP
consumption 76182 The high AMPK activation, together with the low rate of basal
respiration, maximal respiration, and non-mitochondrial respiration in the cerebellum,
indicated that the cerebellum has unique glucose metabolic phenotype as compared with
other brain regions.

In summary, the present study determined the region-specific glucose metabolic
profile of rodent brain using acute biopsy punches and Seahorse XFe96 analyzer. The
metabolic flux analysis indicated that the cerebellum has a more quiescent phenotype of
glucose metabolism as compared with the cerebrum. In addition, glucose metabolism
might be less efficient in the brain than we expected, with relatively low ATP production-
linked respiration with large component of proton leak-linked respiration. Our study

warrants future research on spatial mapping of the brain glucose metabolism in
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physiological and pathological conditions and exploring the potential mechanisms and

significance of mitochondrial uncoupling in the brain.
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DISCUSSION AND FUTURE DIRECTION

1. Recurrent TIA induces neuronal cytoskeleton change and gliosis

TIA is symptomatic diagnosis diseases and as a ‘warning sign’ for severe stroke.
The incidence of TIA is estimated 200,000 to 500,000 per year and 15% of stroke patients
have reported experiencing TIA before, which indicates that TIA incidence might be much
higher.? It is likely that the incidence of TIA has been underestimated since most of the
individuals who suffer from TIA don’t seek for medical attention because the function gets
back to normal quickly before getting medical evaluation. However, the importance of
early diagnosis and treatment cannot be underestimated. The rapid intervention following
TIA can prevent cerebrovascular damage and recurrence episodes of TIA and avoiding
risk factors such as smoking, hypertension or high-fat diet can also help to reduce the risk
of subsequent cerebral vascular event. Thus, it is of vital importance to understand the
pathophysiology of TIA and explore the useful diagnostic biomarkers to confirm or rule
out TIA in clinical practice. Current study has established a recurrent TIA model in rats
based on the TIA definition. Unlike ischemic stroke which can induce AD-like biomarkers
expression, recurrent TIA doesn’t induce BACE1 activation and hyperphosphorylation of
tau. Our study indicate that recurrent TIA can trigger neuronal cytoskeletal modification,
neuroinflammation including astrogliosis and microgliosis in TIA-affected cortical and
basal ganglia region, as well as in corpus callosum in the acute and subacute phase,
which may potentially lead to white matter and neural network impairment, and further

contribute to cognitive impairment and dementia in the future.
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We observed the pathological changes as described above at the acute and
subacute phase following recurrent TIA, future studies focus on chronic phase such as
one-month after recurrent TIA to detect the TIA neuropathology might be further explored.
Increasing evidence shows rapid elevated expression of GFAP or NFL in serum as
promising prognosis biomarkers have been observed in various neurological diseases
such as traumatic brain injury (TBI), ischemic stroke 183184 Future studies focus on these
TIA-induced neuronal and glial cytoskeletal modulation not only in brain, but also in serum
and CSF will give us more insights in the potential preventative and therapeutic strategy
for transient ischemic insult. In the current study, 3-month-old young male rats were used,
female and middle aged or older animals should be included in the next step considering
the critical role of estrogen and age as risk factors in cerebral ischemia. '8 To apply our
recurrent TIA model in the cognitive impairment and dementia for the long-term goal,
learning and cognitive function assessment such as water maze test should be included.
We observed the neural microstructure alteration in white matter, in terms of corpus
callosum in the current study. To measure the white matter functional changes and neural
network  connectivity following recurrent TIA, in-vivo measurement of

electroencephalogram (EEG) to record brain activity can be applied. Besides, T2

weighted MRI to monitor white matter hyperintensity in the acute, subacute or chronic
phase after TIA especially abnormal myelination can be included. Additionally, a detailed
mechanism underlying TIA-induced microgliosis and the neuroinflammatory responses
mediated by activated microglia can be further investigated.

MAPs can regulate microtubule-binding affinity by phosphorylation, mediated by

the balance of phosphatase and kinase activity. Under the pathological condition, the
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equilibrium of phosphorylation-mediated MAPs binding affinity can be disrupted, leading
to microtubule destabilization.*® During this process, glycogen synthase kinase-3f (GSK-
3B) and mitogen-activated protein kinases (MAPK) are primarily responsible for MAPs
phosphorylation to regulate MT dynamic, functioning in axonal or dendritic outgrowth and
remodeling.'® There are other protein kinases, such as cAMP-dependent protein kinase
(PKA), calmodulin-dependent protein kinase Il (CAMKII), cyclin-dependent kinase 5
(CDKS), phospholipid-dependent protein kinase C (PKC), MAPK, all of which are
participating in modulating cytoskeleton-mediated neuronal development and
plasticity.’®” NFs phosphorylation is the most common PTMs to regulate NF behaviors.
PKA, PKC, and CAMKII are involved in NF phosphorylation on head terminal domain in
soma, which mediate NFs assembly and inhibit tail terminal phosphorylation to prevent
pathological NF aggregation to be exported to axons.®® GSK3, CDK5, MAPKs can
modulate NF tail domain phosphorylation in axons to regulate spacing between polymers
when subjected to stress or growth factor stimulus.'® Future research focused on the
effect of TIA on each cytoskeleton components and the underlying mechanism such as
post-translational-modification (PTMs) may elucidate the involvement of TIA in the

vascular contribution to cognitive impairment and dementia.

2. Region-specific metabolic profile of the brain

Neuronal cytoskeletal architecture and remodeling under pathological conditions
requires the recruitment and coordination of cytoplasmic organelles, especially for
mitochondria and glycolytic enzymes transport to regulate compartmentalized signaling
mechanism®3. The brain glucose metabolism disruption provides the pathophysiological

basis for various neurological diseases.'® Thus, understanding the brain metabolic
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signatures in normal brain are of high relevance in exploring the brain physiology and
giving clues to investigate the neuropathology of neurological diseases. Our study aimed
to establish and optimize an ‘ex vivo’ method which enables to monitor the dynamic
metabolic profile including the mitochondria and glycolytic activity and apply it to different
brain regions in normal brain, as well as under pathological condition in the future.
Current optimized method has successfully discovered region-specific glucose
metabolic profile and relative high proton leak coupled respiration in the rodent brain
which is partially mediated by uncoupling protein (UCP1). Future studies focus on spatial
mapping of the brain glucose metabolism in pathological conditions, especially following
transient ischemic insult may be explored, which provide the insights in TIA
neuropathology. Both male and female rodents have been used for our study and no sex
difference was indicated in non-mitochondria, basal or maximal respiration, as well as in
ECAR, however, the effect of sex hormone on glucose metabolism can be further
investigated based on our well-established platform. Although glucose has been
considered as the primary fuel for brain metabolism, there are some minor oxidative
substrates for brain including fatty acid and some amino acids, which contribute to the
characterization of metabolic compartmentation in the brain.'3® Based on our optimized
protocol, by incubating acute brain punchers under various glucose availability and
supplying with different substrates (fatty acid, amino acid etc.), we can further develop
our method to determine the brain ability to utilize different fuel substrates from different
brain regions. Thus, future direction will focus on characterizing region-specific
complicated metabolic function in rodent brains beyond measuring glucose-dependent

OCR. Besides, our study warrants future research on exploring the potential mechanisms
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and significance of mitochondrial uncoupling in the brain in physiological and pathological

conditions.
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FIGURES

Table 1: Antibodies used in Western blot and immunofluorescence
staining

Name Western blot IHC Catalog Company

GFAP 1:1000 1:250 3670 Cell Signaling Technology
GFAP 1:250 12389 Cell Signaling Technology
BACE1 1:1000 5606 Cell Signaling Technology
MAP2 1:1000 1:200 8707 Cell Signaling Technology
Neurofilament-L 1:1000 1:150 2823 Cell Signaling Technology
Phospho-tau 1:1000 1:150 32057 Abcam

(Ser396)

Phospho-tau 1:1000 1:150 1020 Invitrogen

(Ser202, Thr205)

Tau 1:1000 1:150 76128 Abcam

Iba1 1:1000 1:200 17198 Cell Signaling Technology
MBP 1:400 50035 Novus Biologicals

B-actin 1:1000 1:200 47778 Santa Cruz Biotechnology
VEGF 1:1000 1:200 7269 Santa Cruz Biotechnology
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Figure 1: A schema depicts the process of recurrent TIA, behavior assessment,

and tissue harvest.
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Figure 2. Behavior assessment and body weight measurements after recurrent TIA,
ischemic stroke, and sham groups.

(a) Garcia neurological test and cylinder test (b) measured for up to 7-day reperfusion
after recurrent TIA as compared to ischemic stroke and sham group. (c) Body weight
measured among the groups. Data are expressed as mean and SEM. (n=6-21 for TIA;
n= 5 for stroke; n=6 for sham.) ##p < 0.001; ##p < 0.0001 vs sham group, two-way
ANOVA followed by Bonferroni’s multiple comparison test was used among groups. p <
0.05, "p < 0.01; "'p < 0.001; ""p < 0.0001 vs sham group for each time point. Kruskal-
Wallis test followed by Dunn’s multiple comparison test was used to test Garcia
neurological scoring and one-way ANOVA followed by Tukey’s multiple comparison test

was used in cylinder test and body weight measurement.
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Figure 3. A schema depicting the location and region collected for tissue analysis

from recurrent TIA samples.
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Figure 4. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) staining on day-1,3,7 after recurrent TIA.

(a) Representative images of TUNEL staining on day-3 after recurrent TIA (PSD3/D7)
from contralateral (Cont) and ipsilateral side (Ips) in cerebral cortex and basal ganglia
region as compared to the ischemic stroke (75-min MCAO) as a positive control. (b)
Representative images of TUNEL staining at post-surgery-day1/D3 and day7/D11 after
recurrent TIAs from contralateral (Cont) and ipsilateral side (Ips) in cerebral cortex and

basal ganglia region. Scale bars =100 um.
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Figure 5. Beta-site amyloid precursor protein (APP) cleaving enzyme-1 (BACE1)
alteration after recurrent TIA.

(a,b,c) Representative western blot and data analysis of BACE1 from affected cerebral
cortex (CX) and basal ganglia (BG) regions in the ipsilateral and contralateral side at
PSD3/D7 (n=5) and PSD7/D11 after recurrent TIAs. (n=5). Data are expressed as mean

and SEM. "p < 0.05 in paired t-test.
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Figure 6. Vascular endothelial growth factor (VEGF) alteration after recurrent TIA.

(a,b) Representative western blot and data analysis of VEGF from affected cerebral
cortex (CX) and basal ganglia (BG) regions in the ipsilateral and contralateral side at
PSD3/D7 after recurrent TIAs. (n=7) (c) Representative images of VEGF staining at post-
surgery-day3/D7 after recurrent TIAs from contralateral (Cont) and ipsilateral side (Ips) in
cerebral cortex and basal ganglia region. Scale bars =100 um. Data are expressed as

mean and SEM. "p < 0.05 in paired t-test.
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Figure 7. Recurrent TIA-induced phospho-tau and tau alteration in Western blot.

(a) Representative Western blot of p-tau (S396) and Tau from affected cerebral cortex
(CX) and basal ganglia (BG) regions in the ipsilateral and contralateral side on PSD1/D5
after recurrent TIA. (n=7). (b,c) Quantitative Western blot analysis of p-tau (S396), tau

expression in CX and BG at different time points.
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Figure 8. Confocal microscopy of p-tau (S396) and tau alteration after recurrent TIA.
Representative confocal images showing immunofluorescence labeling of p-tau (S396)
and tau in affected cortex (CX) and basal ganglia (BG) regions on PSD1/D5. Scale

bars =50 um.
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Figure 9. Immunofluorescent quantitative analysis of total tau alteration after
recurrent TIA.

(a) The illustration indicating regions of interest (ROIs) used for tau immunofluorescence
quantification and data analysis for fluorescence intensity in the affected CX, BG region
supplied by MCA and CX supplied by ACA territory on PSD1/D5 after recurrent TIA. (n=5)
(b) Quantitative analysis for tau fluorescence intensity in soma, axon and soma/axon ratio

in cerebral cortex region. (n=4) Data are expressed as mean and SEM. 'p < 0.05, "'p <

0.001 in paired t-test.
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Figure 10. Immunofluorescent quantitative analysis of p-tau (Ser396) alteration
after recurrent TIA.

The illustration indicating regions of interest (ROIs) used for quantifications of p-tau (S396)
immunofluorescence intensities and data analysis for fluorescence intensity in the
affected CX, BG region supplied by MCA and CX supplied by ACA territory at PSD1 /D5
after recurrent TIA. (n=5) Data are expressed as mean and SEM. "p < 0.05 in paired t-

test.
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Figure 11. Recurrent TIA-induced phospho-tau (AT8) in Western blot.

(a) Representative Western blot of p-tau (AT8) from affected cerebral cortex (CX) and
basal ganglia (BG) regions in the ipsilateral and contralateral side on PSD1/D5 after
recurrent TIA. (n=7). (b) Quantitative Western blot analysis of p-tau (AT8) expression in

CX and BG at different time points.
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Figure 12. Confocal microscopy of p-tau (AT8) and tau alteration after recurrent TIA.
Representative confocal images showing immunofluorescence labeling of p-tau (AT8)
and tau in affected cortex (CX) and basal ganglia (BG) regions on PSD1/D5 and

PSD7/D11. Scale bars =50 ym.
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Figure 13. Microtubule-associated protein 2 (MAP2) reduction induced by recurrent
TIA by Western blots.

(a) Western blots of MAP2 from affected cerebral cortex (CX) and basal ganglia (BG)
region in the ipsilateral and contralateral side on PSD1/D5 after recurrent TIA. (n=7). (b)
Quantitative western blot analysis of MAP2 expression in CX and BG at different time
points. Data are expressed as mean and SEM. "p < 0.05, “p < 0.01; "'p < 0.001 in paired

t-test.
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Figure 14. Confocal images of MAP2 expression on PSD1/3/7 after recurrent TIA.

(a) Representative confocal images showing immunofluorescence labeling of MAP2 loss
in affected CX and BG regions on PSD3/D7. (b) Representative confocal images showing
immunofluorescence labeling of MAP2 loss in affected CX and BG regions at PSD1/ D5

and PSD7/D11 after recurrent TIAs. Scale bars =50 pm.
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Figure 15. Immunofluorescent quantitative analysis of MAP2 alteration after
recurrent TIA.

The illustration indicating regions of interest (ROIs) used for MAP2 immunofluorescence
quantification and data analysis for fluorescence intensity in the affected CX, BG region
supplied by middle cerebral artery (MCA) and CX supplied by anterior cerebral artery
(ACA) territory on PSD3/D7 after recurrent TIA. (n=6) Data are expressed as mean and

SEM. 'p < 0.05, "p < 0.01; “'p <0.001 in paired t-test.
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Figure 16. Neurofilament-Light (NFL) elevation after recurrent TIA by Western blots.
(a) Representative Western blot of NFL from affected cerebral cortex (CX) and basal
ganglia (BG) region in the ipsilateral and contralateral side on PSD3/D7 after recurrent
TIA. (n=7). (b) Quantitative Western blot analysis of NFL expression in CX and BG at

different time points. Data are expressed as mean and SEM. 'p < 0.05 in paired t-test.
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Figure 17. Confocal image and quantitative analysis of Neurofilament-Light (NFL)
elevation after recurrent TIA.

(a) Representative confocal images showing immunofluorescence labeling of NFL
induction mainly in affected BG region on PSD3/D7. Scale bars=50 uym. (b) The
illustration indicating regions of interest (ROIs) used for NFL immunofluorescence
quantification and data analysis for fluorescence intensity in the affected CX, BG region
supplied by MCA at PSD3/D7 after recurrent TIA. (n=6) Data are expressed as mean and

SEM. "p < 0.05 in paired t-test.
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Figure 18. Glial fibrillary acidic protein (GFAP) induction after recurrent TIA by
Western blots.

(a) Representative Western blots of GFAP from affected cerebral cortex (CX) and basal
ganglia (BG) region in the ipsilateral and contralateral side on PSD7 / D11 after recurrent
TIA. (n=7). (b) Quantitative Western blot analysis of GFAP expression in CX and BG at
different time points. Data are expressed as mean and SEM. 'p < 0.05, "p < 0.01; "'p <

0.001 in paired t-test.
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Figure 19. Confocal image and quantitative analysis of Glial fibrillary acidic protein
(GFAP) elevation after recurrent TIA.

(a) Representative confocal images showing immunofluorescence labeling of GFAP and
induction in affected CX and BG regions on PSD7/D11. Scale bars =50 um. (b) The
illustration indicating regions of interest (ROIs) used for immunofluorescence
quantification and data analysis for GFAP™ area fraction in the affected CX, BG region at
PSD7/D11 after recurrent TIA. (n=5) Data are expressed as mean and SEM. "p < 0.05,

“p <0.01; "p <0.001 in paired t-test.
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Figure 20. Confocal image and quantitative analysis of ionized calcium binding
adaptor molecular 1 (Iba1) alteration after recurrent TIA.

(a) Representative confocal images showing immunofluorescence labeling of Iba1
induction in affected CX and BG regions on PSD7/D11. Scale bars =50 um. (b) The
illustration indicating regions of interest (ROIs) used for immunofluorescence
quantification and data analysis for Iba1* area fraction and cell count in the affected CX,
BG region at PSD7/D11 after recurrent TIA. (n=5) Data are expressed as mean and SEM.

'p<0.05, "p <0.01; "p <0.001 in paired t-test.
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Figure 21. Neurofilament-light (NFL), glial fibrillary acidic protein (GFAP) alteration
in corpus callosum in response to recurrent TIA.

(a) A schema depicting the regions of interest (ROIs) from corpus callosum used for semi-
quantitative analysis of immunofluorescence staining. (b,c) Representative confocal
images showing staining of NFL, GFAP and DAPI in corpus callosum, and data analysis
of area fraction and mean intensity for NFL, GFAP on PSD7. Scale bars =50 ym. (n=5)

Data are expressed as mean and SEM. 'p < 0.05, “"p < 0.01 in paired t-test.
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Figure 22. lonized calcium binding adaptor molecular 1 (lba1) alteration in corpus
callosum in response to recurrent TIA.

Representative confocal images of Iba1 staining and data analysis of Iba1* area fraction,
mean intensity and cell count in ROIs on PSD7 after recurrent TIA. Scale bars =50 um.

(n=5) Data are expressed as mean and SEM. 'p < 0.05, “p < 0.01 in paired t-test.
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Figure 23. Triple staining of NFL, GFAP, Iba1 and DAPI for potential interaction in
corpus callosum induced by recurrent TIA.

Representative confocal microscopy images showing the triple immunofluorescence for
NFL, GFAP, Iba1 and DAPI in corpus callosum at PSD7 after recurrent TIAs. Scale

bars =50 um.
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Figure 24. Myelin binding protein (MBP) alteration in corpus callosum in response
to recurrent TIA.

Representative confocal images and data analysis of area fraction and mean intensity for
myelin basic protein (MBP) in ROIs at PSD7 / D11 after recurrent TIAs. Scale

bars =50 um. (n=4) Data are expressed as mean and SEM. p < 0.05 in paired t-test.
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Figure 25. Schematic of pathological changes after recurrent TIA.

Recurrent TIA cannot induce hyperphosphorylation of tau, and BACE1 upregulation,
which are the key mediators of neurofibrillary tangles and Amyloid beta formation,
respectively. Instead, recurrent TIA can trigger neuronal cytoskeletal modification (MAP2,
NFL, tau) and gliosis (astrogliosis and microgliosis) in the TIA-affected cortical and basal
ganglia region or corpus callosum, which potentially impair white matter and neural

network, contributing to cognitive impairment and dementia.
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Figure 26. Metabolic analysis of acute tissue punches (0.5 mm diameter) from
rodent brain sections (180 pym thick).

Schematic diagram depicts the step of brain harvesting, brain sectioning, tissue punching
and seeding in 96-well XFe plate for Seahorse extracellular flux analysis (Created with

BioRender.com).
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Figure 27. Optimization of brain punch size for metabolic analysis using XF96
analyzer.

Continuous tracings of OCR of different size cerebral cortex and cerebellar punches
before and after inhibition of mitochondrial complex V (oligomycin, oligo), addition of
mitochondrial oxidative phosphorylation uncoupler FCCP, and inhibition of mitochondrial
complexes l/lll (rotenone/antimycin A) in the same 96-welled plate. Results are mean +

SD (n=6-8).
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Figure 28. Metabolic analysis of cerebral cortex (CX), basal ganglia (BG), and
cerebellum (CE) punches from a 3-month-old female rat using Seahorse XF96
analyzer.

(a) Continuous tracings of oxygen consumption rate (OCR) of CX, BG, and CE punches
before and after inhibition of mitochondrial complex V (oligomycin, oligo), addition of
mitochondrial oxidative phosphorylation uncoupler FCCP, and inhibition of mitochondrial
complexes | / lll (rotenone / antimycin A) (Rot / AA) in the same 96-well plate. Non-
oligomycin groups (no oligo) were included to obtain the maximal OCR. (b) Scatter dot
plots depict basal, maximal respiration, and non-mitochondria respiration (Non-MOC) of
each brain region. (c) Continuous tracing of extracellular acidification rate (ECAR) of CX,
BG, and CE punches before and after each treatment in the same 96-well plate. (d)
Scatter dot plot depicts baseline and stressed ECAR of each brain region. (e) Metabolic
profile of CX, BG, and CE from the same assay. Final concentrations: oligomycin 5 uM,
FCCP 1 uM / pyruvate 0.75 mM, rotenone 1 pM / antimycin A 1 pM. Results of OCR /
ECAR curve and scatter dot plots are shown as mean + SD for normally distributed data,
and median with interquartile range for non-normally distributed data. Metabolic profiles
are shown as mean + SEM. n=4-17, 'p < 0.05, "p < 0.01; “'p < 0.001; ""p < 0.0001 in
ordinary one-way ANOVA followed by Tukey’s multiple comparison test or Kruskal-Wallis

test followed by Dunn’s multiple comparison test.
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Figure 29. Metabolic analysis of in hippocampal CA1, dentate gyrus (DG), and
cerebellum (CE) punches from 3-month-old female rat using a Seahorse XFe96
analyzer.

(a) Continuous tracings of OCR of CA1, DG, and CE punches before and after inhibition
of mitochondrial complexes and addition of uncoupler in the same 96-well plate. Non-
oligomycin groups (no oligo) were included to obtain the maximal OCR. (b) Scatter dot
plots depict basal, maximal respiration, and non-mitochondria respiration (Non-MOC) of
each brain region. (c) Continuous tracing of ECAR of CA1, DG, and CE punches before
and after each treatment in the same 96-well plate. (d) Scatter dot plot depicts baseline
and stressed ECAR of each brain region. (e) Metabolic profile of CA1, DG, and CE from
same assay. Final concentrations: oligomycin 5 yM, FCCP1 uM / pyruvate 0.75 mM,
rotenone (Rot) 1 yM / antimycin A (AA) 1 uM. Results of OCR / ECAR curve and scatter
dot plots are shown as mean + SD for normally distributed data, and median with
interquartile range for non-normally distributed data. Metabolic profiles are shown as
mean + SEM. n=4-19, *p < 0.05, "p < 0.01; "p <0.001; ""p < 0.0001 in ordinary one-way
ANOVA followed by Tukey’s multiple comparison test or Kruskal-Wallis test followed by

Dunn’s multiple comparison test.
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Figure 30. Metabolic analysis of cerebral cortex (CX), basal ganglia (BG), and
cerebellum (CE) punches from a 12-month-old female rat using a Seahorse XFe96
extracellular flux analyzer.

(a) Continuous tracings of OCR of CX, BG, and CE punches before and after inhibition of
mitochondrial complexes and treatment of uncoupler in the same 96-well plate. Non-
oligomycin groups (no oligo) were included to obtain the maximal OCR (not shown). (b)
Scatter dot plots depict basal and non-mitochondria respiration (Non-MOC) of each brain
region. (c) Continuous tracing of ECAR of CX, BG, and CE punches before and after each
treatment in the same 96-well plate. (d) Scatter dot plot depict baseline and stressed
ECAR of each brain region. All concentrations of oligomycin and gboxin in the figures
were indicated as final concentration in uM. Final concentrations: FCCP 1 uM / pyruvate
0.75 mM, rotenone (Rot) 1 uM / antimycin A (AA) 1 uM. Results of OCR/ECAR curve and
scatter dot plots are shown as mean + SD for normally distributed data, and median with
interquartile range for non-normally distributed data. Metabolic profiles are shown as
mean + SEM. n=6-20, 'p < 0.05, "p < 0.01; “'p <0.001; ""p < 0.0001 in ordinary one-way

ANOVA followed by Tukey’s multiple comparison test.
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Figure 31. Metabolic analysis of cerebral cortex (CX), basal ganglia (BG), and
cerebellum (CE) punches from a 3-month-old female mouse using a Seahorse
XFe96 extracellular flux analyzer.

(a) Continuous tracings of OCR of CX, BG, and CE punches before and after inhibition of
mitochondrial complexes and treatment of uncoupler in the same 96-well plate. Non-
oligomycin groups (no oligo) were included to obtain the maximal OCR (not shown). (b)
Scatter dot plots depict basal, maximal respiration, and non-mitochondria respiration
(Non-MOC) of each brain region. (c) Continuous tracing of ECAR of CX, BG, and CE
punches before and after each treatment in the same 96-well plate. (d) Scatter dot plot
depict baseline and stressed ECAR of each brain region. (e) Metabolic profile of CX, BG,
and CE from same assay. All concentrations of oligomycin and gboxin in the figures were
indicated as final concentration in yM. Final concentrations: FCCP 1 pM / pyruvate 0.75
mM, rotenone (Rot) 1 uM / antimycin A (AA) 1 uM. Results of OCR/ECAR curve and
scatter dot plots are shown as mean + SD for normally distributed data, and median with
interquartile range for non-normally distributed data. Metabolic profiles are shown as
mean + SEM. n=6-20, 'p < 0.05, "p < 0.01; “p <0.001; ""p < 0.0001 in ordinary one-way
ANOVA followed by Tukey’s multiple comparison test or Kruskal-Wallis test followed by

Dunn’s multiple comparison test.
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Figure 32. Metabolic analysis of hippocampal (CA1), dentate gyrus (DG), and
cerebellum (CE) punches from a 3-month-old female mouse using a Seahorse
XFe96 extracellular flux analyzer.

(a) Continuous tracings of OCR of CA1, DG, and CE punches before and after inhibition
of mitochondrial complexes and treatment of uncoupler in the same 96-well plate. Non-
oligomycin groups (no oligo) were included to obtain the maximal OCR (not shown). (b)
Scatter dot plots depict basal, maximal respiration, and non-mitochondria respiration
(Non-MOC) of each brain region. (c) Continuous tracing of ECAR of CA1, DG, and CE
punches before and after each treatment in the same 96-well plate. (d) Scatter dot plot
depict baseline and stressed ECAR of each brain region. (e) Metabolic profile of CA1,
DG, and CE from same assay. All concentrations of oligomycin and gboxin in the figures
were indicated as final concentration in uM. Final concentrations: FCCP 1 uM / pyruvate
0.75 mM, rotenone (Rot) 1 uM / antimycin A (AA) 1 uM. Results of OCR/ECAR curve and
scatter dot plots are shown as mean + SD for normally distributed data, and median with
interquartile range for non-normally distributed data. Metabolic profiles are shown as
mean + SEM. n=6-20, 'p < 0.05, "p < 0.01; “p <0.001; ""p < 0.0001 in ordinary one-way
ANOVA followed by Tukey’s multiple comparison test or Kruskal-Wallis test followed by

Dunn’s multiple comparison test.
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Figure 33. Optimization of mitochondrial complex V inhibition and measurement of
non-mitochondria respiration, ATP production-linked respiration, and proton leak-
linked respiration in the cerebral cortex and cerebellum.

(a) Continuous tracings of OCR of CX punches from a 3-month-old female mouse before
and after inhibition of complex V by different concentration of oligomycin (0, 1, 5, 10, 20,
50 uM). OCR was measured for 12 cycles of 85 minutes after addition of oligomycin. (b)
Bar graph showing dose-dependent effect of oligomycin on OCR. Results are mean + SD.
n=11-14. p < 0.05, “p < 0.01 in ordinary one-way ANOVA followed by Tukey’s multiple
comparison test. (c) Continuous tracings of OCR of CX and CE punches from a 3-month-
old mouse before and after inhibition of complex V by oligomycin (5 or 10 uM) (oligo 5 /
10), addition of FCCP / pyruvate, and rotenone / antimycin A (Rot / AA). (d) Stacked bar
graph showing non-mitochondria respiration, ATP production-linked respiration, and
proton leak-linked respiration of CX and CE punches. (e) Continuous tracings of OCR of
CX and CE punches from 3-month-old female mouse before and after inhibition of
complex V by gboxin (5 or 10 yM) (gboxin 5 / 10), addition of FCCP / pyruvate, and
rotenone / antimycin A. (f) Stacked bar graph showing non-mitochondria respiration, ATP
production-linked respiration, and proton leak-linked respiration of CX and CE punches.
Results are mean + SD. n=8-12. p < 0.05, “p < 0.01; 'p < 0.001 in either un-paired

Student t-test for data or Mann-Whitney U test.
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Figure 34. Inhibition of uncoupling proteins decreased proton leak coupled OCR in
cerebral cortex punches.

(a) Continuous tracings of OCR of the cerebral cortex punches from a 3-month-old female
mouse before and after treatment of UCPs inhibitor (genipin 50, 100 pM), oligomycin (5
uM), FCCP 1 uM / pyruvate 0.75 mM, and rotenone (Rot) 1 uM / antimycin A (AA) 1 uM.
(b, c) Bar graphs showing the effect of UCPs inhibition by genipin on ATP production
coupled (b) and proton leak coupled (c) respiration. (d, e, f) Bar graphs show the effect of
chronic treatment (60 minutes) of genipin on basal OCR (d), ATP production-linked OCR
(e), and proton leak-linked OCR in the cerebral cortex punches from a 3-month-old female
mouse. Results are mean + SD. n=12-15. 'p < 0.05, “p < 0.01; "'p < 0.001 in ordinary

one-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 35. Immunohistochemistry of GFAP, NeuN, and DAPI depict different
cellular components of different brain regions.

(a) Coronal section of the cerebrum depicts the location of tissue punches at cerebral
cortex and basal ganglia and representative confocal images show neuron and astrocyte
components of cerebral cortical and basal ganglia punches. (b) Coronal section of
hippocampus depicts the location of tissue punches at hippocampal CA1 and dentate
gyrus and representative confocal images show neuron and astrocyte components of
CA1 and dentate gyrus punches. (c) Sagittal section of the cerebellum depicts the location
of the tissue punches at cerebellar cortex and representative confocal images show
neuron and astrocyte components of cerebellar cortex punches. Brain sections were

stained by GFAP (green), NeuN (red), and nucleus counterstained by DAPI (blue).
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Figure 36. Cellular composition and metabolic signaling in different mouse brain
regions.

(a) Western blots of B3Tubulin, GFAP, ALDH1L1, GAPDH at the cerebral cortex (CX),
hippocampus (HP), and cerebellum (CE) of 3-month-old mouse. (b) Western blots of
AMPKa, pAMPKa, ACC, pACC, GAPDH at CX, HP, CE of 3-month-old mouse. (c)
Western blots of LKB1, pLKAB1, GAPDH at CX, HP, CE of 3-month-old mouse. (d-i).
Quantitative analysis of B3-Tubulin, ALDH1, GFAP, pAMPKa, pACC, and pLKB1
expression at CX, HP, and CE. Results are mean + SD (n=3). 'p < 0.05, "p < 0.01, "'p <

0.001 in repeated measure for one-way ANOVA followed by Tukey’s multiple comparison.
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