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Abstract

Recently, anesthesia by isoflurane and sevoflurane has been suggested to
accumulate amyloid beta 1-42 (AB1-42), which contributes to synaptic impairment and
potentially evokes the progression of Alzheimer’s disease. In the AB1-42 generation
through amyloid precursor protein (APP), the B-site APP-cleaving enzyme (BACE) is
essential. New evidence indicates that inhalational anesthesia enhances BACE
activity and modulates spine morphology. However, the exact mechanism regarding
inhalational anesthesia on spine dynamics as well as the BACE-dependent APP
proteolysis process in the hippocampus remains to be investigated. In the present
thesis, brain sections including the hippocampus from adult mice were treated with
equivalent isoflurane (0.6%), sevoflurane (1.4%), or xenon (65%) for 1.5h with or
without pre-incubation of the BACE inhibitor LY2886721 (3uM, 2h). Additionally,
dendritic spine complexity, APP proteolysis-process-related molecules, nectin-3
expressions, as well as CAl-long-term potentiation (CA1-LTP) were tested. Adeno-
associated virus (AAV) was injected for the knockdown of CAl-nectin-3 levels. The
nectin-3 reduction effects on spine density and CA1-LTP were thereafter evaluated.
Results showed that sevoflurane upregulated hippocampal mouse AB1-42 (MAB1-42),
blocked CA1-LTP, reduced CAl-dendritic spine complexity, and decreased CAl-
nectin-3 expressions. Furthermore, nectin-3 knockdown specifically in CA1 abolished
potentiation and induced spine loss. Moreover, isoflurane exposure reduced spines
count and impaired LTP in the CAl region. In comparison, the attenuated CAl
potentiation by xenon was also observed, but it did not alternate spine dynamics,
nectin-3 levels, or APP processing in the hippocampus. Further results showed that
BACE inhibition partially reversed sevoflurane-induced abnormalities in spine density,

LTP, mAB1-42, and nectin-3. The colocalization of APP and nectin-3 was detailed in
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CAL. In conclusion, this thesis indicates that, in CA1, sevoflurane mildly enhances
BACE activity and modulates synaptic plasticity, while isoflurane modestly interferes
with synaptic plastic alternations. By comparison, xenon does not change dendritic

spine dynamics.
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Zusammenfassung

Die Exposition gegenuber Inhalationsanadsthetika kann die synaptische Plastizitat
beeintrachtigen. Zusatzlich wird vermutet, dass die Anwendung der
Inhalationsanésthetika Isofluran und Sevofluran zu einer Akkumulation von 3-Amyloid
1-42 (AB1-42) fuhren kann. AB1-42 ist zur synaptischen Dysfunktion beitragen und die
Alzheimer-Krankheit auslésen kann. Bei der Bildung von ABi-42 durch das Amyloid-
Vorlauferprotein (APP) spielt das B-site APP-cleaving enzyme (BACE) eine zentrale
Rolle. Neue Erkenntnisse deuten darauf hin, dass die Inhalationsanasthesie die
BACE-Aktivitat erhéht und die Dynamik der dendritischen Spines moduliert. Der
Mechanismus der Inhalationsanasthesie auf die dendritische Spine-Plastizitat und die
BACE-abhéangige APP-Verarbeitung im Hippocampus bleibt jedoch unklar. In dieser
Studie wurden hippocampale Hirnschnitte von adulten Mausen fir 1,5 Stunden mit
aquipotenten Konzentrationen Isofluran (0,6%), Sevofluran (1,4 %) und Xenon (65 %),
mit oder ohne Vorbehandlung mit dem BACE-Inhibitor LY2886721 (3uM fur 2
Stunden) inkubiert. Zusatzlich wurde die Dichte der dendritischen Spines in der CA1l-
Region, die Expression von APP-verarbeitenden Enzymen und Nectin-3 sowie die
Langzeitpotenzierung (LTP) untersucht. Um die Auswirkungen einer Nectin-3
Depletion auf die LTP und die dendritischen Spines zu untersuchen, wurde ein
adeno-assoziierter Virus (AAV) eingesetzt, welches das Zelladhasionsmolekiil
Nectin-3 ausschaltet. Die Ergebnisse zeigten, dass Sevofluran die Konzentrationen
von murinem ABi-42 (MAB1-42) im Hippocampus erhéhte, CA1-LTP blockierte, die
dendritische Spinedichte sowie die Expression von Nectin-3 in der CA1 Region
verringerte. Gleichsam reduzierte der AAV-induzierte spezifische Nectin-3
Knockdown die LTP und die Spinedichte in der CAl-Region. In Anwesenheit von
Isofluran wurden auch eine verringerte Spinedichte und eine abgeschwéchte LTP im
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Hippocampus beobachtet. Obwohl Xenon die LTP blockierte, konnte kein Einfluss auf
die dendritische Spinedichte und auch nicht auf die Nectin-3 Konzentration oder die
APP-Verarbeitung beobachtet werden. Schlie3lich konnte durch die Antagonisierung
der BACE-Aktivitdt die durch Sevofluran verursachten Defizite beziglich der
Spinedichte, der LTP sowie der erhdhten mAR1-42 und Nectin-3 levels teilweise wieder
hergestellt werden. Ich habe aul3erdem ein Kolokalisationsprofil von APP und Nectin-
3 im CALl detailliert untersucht. Meine Daten deuten darauf hin, dass Sevofluran in
der CAl1-Region die BACE-Aktivitat teilweise erhoht und den Umbau von Spines
beeintrachtigt, wahrend Isofluran die Veranderungen der synaptischen Plastizitat nur
leicht moduliert. Im Gegensatz dazu fuhrt Xenon nicht zu einem Umbau der

dendritischen Spines.
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Introduction

1. Inhalational anesthetics and mechanisms

1.1 Inhalational anesthetics

The discovery of general anesthesia revolutionized modern medicine and surgical
practice. In 1800, the first case of inhalational anesthesia with synthesized nitrous
oxide was reported by Humphry Davy (Davy, 1800). In 1846, inhalational anesthesia
by ether finally came into clinical practice (Weinrich & Worcester, 2018). Thereatfter,
numerous reagents were reported with anesthetic properties (N. P. Franks, 2006;

Sanders, Franks, & Maze, 2003).

1.1.1 Inhalational anesthetic compounds

General anesthetics can be roughly classified into volatile/intravenous anesthetics and
anesthetic gases (Krasowski & Harrison, 1999). Of those, volatile anesthetics consist
numerous compounds (Seeman, 1972; Sewell & Sear, 2004, 2006; Sonner & Cantor,

2013) (Table 1).

Hydrocarbons Ethers Others
cl
| - H
H—(I: =Cl | |
H,(=C—=0—=C—CH
1840-1950 “ | o NENTO
Chloroform H H Nitrous oxide
CH, Diethyl ether
H,C — CH, mHE=Ei
Cyclopropane Ethylene F F F c F F
| | | (| |
H—?—(;—O—?—H H_$_CI_O_$_H
F Br
F Cl F cl F F Xe
1951-1
951-1990 F _‘I: — CI —-H Enflurane Methoxyfluran: Xenon
I F H F F H H
) I I |1 1
Halothane F—?—C—O—?—H F—?—Cl—o—c‘:cl
F d F F H H H
Isoflurane Fluroxene
CF, H F F F
| | 1| |
1991-2003 H—?—O—(lH‘.F F=C—C—0—C—H
(| |
CFy H F H F
Sevoflurane Desflurane

Table 1. Inhalational anesthetics generations (Campagna, Miller, & Forman, 2003).




The physicochemical properties of those compounds differ in various aspects (Jerath,

Parotto, Wasowicz, & Ferguson, 2016; Ye & Zuo, 2017). Regarding the present thesis,

the differences of properties of the three anesthetics are roughly listed in Table 2.

Property Isoflurane Sevoflurane Xenon

Boiling point (°C) 49 59 -108

Odour Unpleasant Pleasant Pleasant

Blood-gas partition coefficient in blood 1.46 0.65 0.115

Blood-gas patrtition coefficient in brain 2.6 1.7 -

Minimum alveolar concentration (MAC, %) human: 1.15 human: 2 human: 63
rodent: 1.34 rodent: 3.2 rodent: 140

Metabolized in the body (%) 0.2 2-5 0

Rate of onset & recovery Medium Rapid Rapid

Table 2. Properties of isoflurane, sevoflurane, and xenon.

1.1.2 Minimum alveolar concentration (MAC) of inhalational anesthetics

Potency represents the drug’s capacity to achieve a standard effect. It is statistically
inversely related to the required drug concentration (Figure 1, 2). That means, an
inhalational anesthetic with higher potency can trigger a specific response at lower

concentrations (Campagna et al., 2003).
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Figure 1. Relation of concentration and actions of a general anesthetic (Campagna et al., 2003).



The potency or capacity of a general inhalational anesthetic is measured by its MAC
value (Campagna et al., 2003). MAC refers to the end-tidal concentration at 1atm of a
general anesthetic that can suppress motor response (eg. movement) of 50% subjects

under surgical (pain) stimulation (Campagna et al., 2003).

Nitrous oxide

0.10=

Cyclopropane @

Desflurane

@ Fluroxene
Diethyl ether
Sevoflurane Enflurane

| Isoflurane
0.01 E Halothane

Chloroform H

Anesthetic Partial Pressure (atm)

Methoxyflurane
OVOO T T T rTTTT] T T T T TTTT] T T T T TTTTT 1
1 10 100 1000

Oil-Gas Partition Coefficient

Figure 2. Relation between anesthetic potency and hydrophobicity property (Campagna et al., 2003).

MACawake is defined by the end-tidal concentration of a general inhalational anesthetic
at 1 atm that appropriately suppresses response to spoken commands (such as raise
your arm) of 50% subjects (Dwyer, Bennett, Eger, & Heilbron, 1992; E. I. I. Eger, 2001).
Statistically, it is around 0.3-0.4 MAC (Table 3, 4) (Aranake, Mashour, & Avidan, 2013).
For isoflurane and sevoflurane, MACawake is statistically around a third of MAC. While
for xenon, MACawake in humans is around 33% or 0.46% of its MAC value (Goto et al.,
2000). Table 4 shows the MAC value for mice and rats. Besides, regarding the present
thesis, the MAC value for sevoflurane is around 3.25% (Cesarovic et al., 2010; Nishino,
Jin, Nozaki-Taguchi, & Isono, 2020). It has been shown a correlation between learning
and memory suppression and the MACawake cONncentration application of an inhalational

anesthetic (Aranake et al., 2013; Dwyer et al., 1992; E. I. |. Eger, 2001).



Xenon NoO Isoflurane Sevoflurane

MAC-awake (%) 32,6 + 6.1 63.3 + 7.1 0.40 + 0.07 0.59 + 0.10
(95% Confidence interval) (30.5-34.6) (59.8-66.9) (0.37-0.43) (0.54-0.64)
MAC-awake/MAC 0.46 = 0.09 0.61 + 0.07 0.35 + 0.06 0.35 = 0.06
(95% Confidence interval) (0.43-0.49) (0.57-0.64) (0.32-0.38) (0.32-0.38)

The minimum alveolar concentration (MAC)-awake/MAC ratios were significantly different between anesthetic groups (P < 0.001, analysis of variance and
Student-Newman-Keuls tests), except between isoflurane and sevoflurane.

N;O = nitrous oxide.

Table 3. MACawake Values of anesthetics administrated alone in humans (Goto et al., 2000).

TasrLk 1. MAC Values for Mice and Rats (%)*

Pregnant | Nonpregnant
Female Female Male Mean £ 5D
Mice
Halothane | 0.98 0.96 0.89 | 0.95 £ 0.07 (6)}
Isoflurane | 1.35 1.35 1.32 1.34 £ 0.10 (6)
Enflurane 2.08 1.97 1.85 1.95 + 0.16 (6)
Rats
Halothane | 1.02% 1.03 1.04% | 1.03 = 0.04 (4)
Isoflurane 1.43% 1.52 1.44 1.46 + 0.06 (5)
Enflurane | 2.22% 2.17 2,256 | 2.21 + 0.08 (5)

Table 4. MAC values for mice and rats (%) (Mazze, Rice, & Baden, 1985).

1.2 Mechanisms of inhalational anesthesia

Inhalational anesthetics have been used in the clinic for over 170 years. Despite many
studies have reported the mechanisms of general inhalational anesthetics, the
understanding of inhaled anesthesia remains obscure (Eckenhoff, 2001; E. I. Eger,
2nd, Raines, Shafer, Hemmings, & Sonner, 2008; N. P. Franks, 2006; Hemmings et
al., 2005; Sonner & Cantor, 2013). These studies have proposed several hypotheses,

and some of these hypotheses have been summarized below.

1.2.1 The lipid hypotheses
In the 20™ century, the correlation of potency and solubility of an anesthetic in fatty
tissues are noticed by Meyer and Overton. They firstly forwarded the connection of the

cell membrane lipid and anesthetic actions, which was soon be validated by anesthetic



potency and oil solubility (Figure 2) (Eckenhoff, 2001; Feldman, Scurr, & Paton, 1993;

Weinrich & Worcester, 2018).

However, the lipid hypothesis was later shown with shortcomings. A report has shown
that the expected alternations in the membrane bilayer were too tiny (N. P. Franks,
2006). Later on, in-vivo experiments demonstrated that 100 bar pressure application
reversed the anesthesia effects. Thus, researchers forwarded the hypothesis that
anesthetics would partition into fluid membranes, which could further expand and
thicken them (F. H. Johnson & Flagler, 1950; Lever, Miller, Paton, & Smith, 1971).
However, opposite evidence showed that the fluid membranes were thickened but not
thinned under hydrostatic pressure (Braganza & Worcester, 1986). On the other hand,
no big alternations of the bilayer membrane structure were observed at the
concentrations of anesthetics well above clinical requirements by X-ray-based studies

(N. Franks & Lieb, 1979).

Until now, the lipid hypothesis is still under debate and it remains to be further studied.

1.2.2 Anesthetics act on ion channels and neurotransmitter receptors at
synapses

Inhalational anesthetics are involved in complex interactions with various molecules
expressed on the pre- and post-synaptic sites. Most likely, anesthetics act on the
targets of neurotransmitter receptors and ion channels and further depress the nervous

system in a direct and/or indirect manner (Figure 3) (Sonner et al., 2003; Urban, 2002).
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Figure 3. Integration of excitation and inhibition on synapses with an anesthetic (Urban, 2002).

lon channels refer to proteins that can modulate ion flows through the cytoplasmic
membrane (Campagna et al.,, 2003). Figure 4 demonstrates the basic topology
structures of the ligand-gated ion channel and the aBy complex of a y-Aminobutyric

acid type A (GABAA) receptor (Krasowski & Harrison, 1999).

OH
Extracellular W g
g
4 3 —_ N
Intracellular A I l
o
A Top View of
B @ [5 Pentameric
Subunit
Arangement

o i i
Figure 4. Basic topology structure of the ligand-gated ion channel (Krasowski & Harrison, 1999).

As shown in Table 5, some ion channels are sensitive to anesthetics. They roughly
include the ligand-gated ion channels, potassium channels, sodium channels, calcium
channels, etc. These channels can modulate cellular excitability, electrical activity,
behavior, and physiological actions of anesthetics (Campagna et al., 2003; Krasowski

& Harrison, 1999; Sonner & Cantor, 2013) (Table 6).



lon Channel

Ligand-gated

y-Aminobutyric acid type A receptors

Glycine receptors

Neuronal nicotinic acetylcholine
receptors

Muscle nicotinic acetylcholine
receptors

Serotonin type 3 receptors

Glutamate receptors*
N-methyl-p-aspartate

a-Amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid
and kainate

Other types

Potassium channels
Non-voltage-gated background
channels

Voltage-activated

Non-voltage-dependent
neurotransmitter or ATP-
activated

Sodium channels

Calcium channels
Voltage-gated cardiac (T-, N-, L-,
and P-type)
Voltage-gated neuronal

Calcium-induced calcium release
Ryanodine receptor
Inositol triphosphate receptors

Cellular Roles

Increased chloride permeability; mem-

brane hyperpolarization; inhibition

of excitability

Increased chloride permeability; mem-

brane hyperpolarization; inhibition

of excitability

High permeability to monovalent cat-

ions and calcium; release of neuro-

transmitters

Neuromuscular transmission

Enhance excitability by inhibiting rest-
ing potassium-leak currents

Fast excitatory neurotransmission

Cation conductance for calcium and
magnesium

Cation conductance for calcium and
magnesium

Medulation of cell resting potential
and excitability; role in chemical,
mechanical, and pH sensitivity

Recovery from action potentials

Inward rectifying channels;
pH-sensitive

Generation and propagation of action
potentials

Generation of pacemaker potentials in
neurons (T-type)

Presynaptic localization; neurotrans-
mitter release

Intracellular channels

Release of intracellular calcium stores
after stimulation of surface recep-
tors; production of calcium oscilla-
tions

Behavioral, Physiological, and
Pharmacologic Roles

Enhanced activity associated with anxi-
olysis, sedation, amnesia, myorelax-
ation, anticonvulsant action

Spinal reflexes and startle responses;
major inhibitory receptor in spinal
cord

Association with memory, nociception,
mutations linked with seizure disor-
ders; autonomic functions

Skeletal-muscle contraction

Arousal; possible role in emesis

Perception; learning and memory; noci-
ception
Perception and memory

Nonspecific role; most likely wide-
spread

Nerve conduction; cardiac action po-
tentials; mutations associated with
cardiac arrhythmias

Glucose sensor in B-cells

Possible role in ischemic precondition-

ing

Nerve conduction; cardiac action po-
tentials (arrhythmias)

Cardiac inotropy and chronotropy; vas-
cular tone

Nonspecific role; most likely wide-
spread

Excitation—contraction coupling

Table 5. Some anesthetic-sensitive ion channels (Campagna et al., 2003).

At the synapse level, ion channels modify the neurotransmitter’'s release
presynaptically and change the neuronal excitability postsynaptically. By
influencing ion channels and receptors, inhalational anesthetics reduce excitation

and neurotransmitter release presynaptically and decrease neurotransmitter



activity postsynaptically (Table 5, 6) (Campagna et al., 2003).

Halogenated Xenon and
Alkanes and Nonhalogenated Nitrous
lon Channel Ethers Alkanes Oxide
y-Aminobutyric acid type A59.62 Enhancement No effect No effect
Glycine receptors®:62 Enhancement No effect No effect
Neuronal nicotinic acetylcholine Strong inhibition Strong inhibition Inhibition
receptors62-63
Muscle nicotinic acetylcholine receptors®® Inhibition Inhibition ND
Serotonin receptorsé467 Weak inhibition ND No effect
Glutamate receptors
N-methyl-D-aspartates4:68,69 Inhibition Inhibition Inhibition
a-Amino-3-hydroxy-5-methyl- Inhibition ND No effect
4-isoxazole propionic acid
and kainate®469.79
Background potassium channels7272 Enhancement or ND ND
no effecty
Voltage-activated potassium channels?272 Inhibition or no ND No effect
effect
ATP-activated potassium channels74 Enhancement or ND ND
no effecty
Voltage-activated sodium channels7576 Weak inhibition Weak inhibition ND
Voltage-activated calcium channels7277.78 Weak inhibition ND No effect
Ryanodine-activated calcium channels79.80 Enhancement or ND ND
inhibition

Table 6. Inhalational anesthetics act on ion channels (Campagna et al., 2003).

Among the mediators, GABAA is the leading candidate (Hemmings et al., 2005). The
inhalational anesthesia upregulated GABAA receptor capacity (Hemmings et al., 2005;
Krasowski & Harrison, 1999) by opening the channel at both synaptic and
extrasynaptic receptors. Under inhalational anesthesia, the sensitivity of receptors to
the neurotransmitter GABA was increased, which enhanced the inhibition of

postsynaptic excitation (Campagna et al., 2003; Jones & Harrison, 1993) (Figure 5).
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Figure 5. Anesthetic sites on ion channels (Campagna et al., 2003).

From the 1980s, the ion channels were proposed as the sole action site of general

inhalational anesthesia. Although there have been tremendous studies reporting on

this, the exact mechanism remains unknown.

1.2.3 The heterotrimeric guanine nucleotide-binding proteins (G proteins)

coupled mechanism

Recent studies have illustrated that inhalational anesthetics could also function via G
protein-coupled receptors (GPCRs) and intracellular singling pathways (Campagna et

al., 2003; Ishizawa, Pidikiti, Liebman, & Eckenhoff, 2002; Jerath et al., 2016; Kouichiro

Minami & Uezono, 2005; K. Minami & Uezono, 2013).

ICL1

1 Transmembrane a-helices
Il GBy binding region
H Ligand binding region

1]
Ga binding
S

S Amino acid chain

Figure 6. Typical GPCR signaling (Pierce, Premont, & Lefkowitz, 2002).
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G proteins are signal transmembrane proteins (Ross & Gilman, 1980). A single G
protein is heterotrimeric and comprises a-, B-, and y- subunits (Pierce et al., 2002). G
proteins can allow the transfer of signals across the cell membrane (Figure 6, 7)

(Neumann, Khawaja, & Muller-Ladner, 2014).

Biogenic amines Amino acids and ions Lipids
Noradrenaline, dopamine, Glutamate, calcium, LPA, SIP, prostaglandins, leukotrienes
5-HT, histamine, GABA

acetylcholine Peptides and proteins
\ //— Chemokines, angiotensin, thrombin, bombesin, endothelin, bradykinin

44— Others
Light, odorants, nucleotides
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Figure 7. Schematic diagram GPCR signaling (Neumann et al., 2014).

A lot of neurotransmitter receptors, such as corticotropin-releasing hormone receptors,
muscarinic acetylcholine (MR), dopamine, noradrenaline, GABAs, etc., belong to
GPCRs (Baldwin, Schertler, & Unger, 1997). The GPCRs are the single biggest target
for various drugs (K. Minami & Uezono, 2013). Since a variety of ligands are cabale
to stimulate the targets via GPCRs. Moreover, each GPCRs can trigger a few
downstream effectors (Table 7) (Dorsam & Gutkind, 2007; Neves, Ram, & lyengar,

2002).



G protein G, Gi/o G,

Effecter PLCT Adenylate Adenylate
cyclase| cyclase?
Second IP; 1 cAMP| cAMP1
messenger DAG?
Intracellar PKCT PKA| PKAT
reaction Ca**1
Receptor M, M, p-Adrenergic
M; 1 Opioid
Substance
P
Orexin 1
5HT;A
mGluR|1
mGIuR|1

Table 7. Signaling of G protein-coupled receptors (K. Minami & Uezono, 2013).

Early studies demonstrated that some agonists and/or antagonists that function via
GPCRs could alter anesthetic requirements, for example, the MAC value, both in
humans and animals (Glass, Gan, Scott Howell, & Brian Ginsberg, 1997; Ishizawa, Ma,
Dohi, & Shimonaka, 2000; Ishizawa et al., 2002; Seitz, ter Riet, Rush, & Merrell, 1990).
Furthermore, in vitro experiments showed that general inhalational anesthetics
interfere with GPCR signaling directly (Durieux, 1995; Honemann, Nietgen, Podranski,
Chan, & Durieux, 1998; Schotten et al., 1998). Most of these studies focused on Gag-

coupled receptors.

With the Xenopus oocyte expression system, studies have shown that stimulation of
Gag-coupled receptors can activate Cl- currents by Ca?* and phospholipase C (PLC)
by G protein. Furthermore, the activated PLC evokes IP3 formation, which triggers
Ca?* release from the endoplasmic reticulum. This will in turn open more Cl-- channels

(Figure 8) (K. Minami & Uezono, 2013).
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Figure 8. Gg-coupled receptor expressions of Xenopus oocytes (K. Minami & Uezono, 2013).

An inhibition of Gqg-coupled receptors under inhaled anesthesia is observed

according to previous studies (Table 8).

Halothane Isoflurane Enflurane Desflurane Sevoflurane

M, ! - 11 !
M; ! | -

SHT>4 1

5HT:c ! l

mGluR1 —

mGluR5 1

Substance P | l ! 1
Orexin | l ! !

Table 8. Inhalational anesthetics actions on Gg-coupled receptor (K. Minami & Uezono, 2013).

The GPCRs-mediated, especially, via Gqg protein-coupled receptors, mechanism by
anesthetics have become more relevant (Schotten et al., 1998). However, compared
with the ion channels, additional investigations are required regarding the anesthesia

effects on GPCRs-related mechanisms.

2. Inhalational anesthetics and dendritic spine remodeling

Dendritic spines refer to the tiny membranous protrusions. The biophysiological
function of dendritic spines is for the transduction of synaptic signals. Therefore,
aberrant dendritic spine dynamics contribute to physiological abnormalities. Studies
have indicated that inhalational anesthetics contributed to the abnormal modulation of

dendritic spines morphology.
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2.1 Dendritic spines structure and function
Dendritic spines vary in shapes and sizes. The typical dendritic spines are 1-2 um in

length and 0.01-0.8 pm? in volume (Gipson & Olive, 2017) (Figure 9).

Dendrite

Spine neck

Spine head

Figure 9. A spiny neuron (Wikipedia).

Three categories of dendritic spines are coarsely classified (X. D. Wang et al., 2013).
As shown in Figure 10, they are thin, stubby, and mushroom spines. Besides, in some
studies, dendritic filopodia and cup-shaped spines are also defined as dendritic spines

(Runge, Cardoso, & de Chevigny, 2020).
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shaped shaped ‘

Figure 10. Morphological classifications of dendritic spines (Hering & Sheng, 2001).

Different dendritic spines contain divergent organelles and molecules. Generally
speaking, the larger spines usually have bigger synapses and contain more complex
organelles. Figure 11 shows a mushroom-shaped dendritic spine. The post-synaptic
density (PSD), an electron-dense submembrane cytoskeleton, accounts for
approximately 10% of the spine surface area. PSD is thought to be the reason why the

spine head size is correlated with synaptic transmission. Apart from that, the number

13



of presynaptic vesicles as well as postsynaptic receptors also contribute to synaptic
transmission strength (Berry & Nedivi, 2017; Hering & Sheng, 2001; Rochefort &

Konnerth, 2012).
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Figure 11. A mushroom-shaped dendritic spine structure (Hering & Sheng, 2001).

2.2 Modulation of dendritic spine dynamics by inhalational anesthetics

The dendritic spines are highly activity-dependent dynamic. Under certain conditions,
spines can change their size and shape short-termly (seconds to minutes) and long-
termly (hours to days). Isoflurane and sevoflurane were able to alternate dendritic
spines, which has been reviewed by Simon Granak et. al, 2021 (Granak, Hoschl, &

Ovsepian, 2021) (Table 9).

Anesthetics  Region of the brain  PND 0—7 PND 7—21 PND 21—35 PND> 35 References
Isoflurane  Hippocampus | Long thin spines only Number — 1 in the CAl region | Anesthesia was supplemented  Schaefer et al. (2019), Kang et al.
of spines remained the same, with laparotomy (2017), Qiu et al. (2020), Head
1 et al. (2009), Yang et al. (2011),
Cortex - 1 Filopodia pruning was reduced, - Briner et al. (2010), Landin

Sevoflurane Hippocampus Number of spines remained the 1
same,

1)
Cortex 11 1

etal. (2019)

Briner et al. (2010), Qiu et al.
(2016), Xiao et al. (2016), Jia
etal. (2016), Liu et al. (2019),
Zhou et al. (2019)

Table 9. Inhalational anesthesia effects on dendritic spine dynamics (Granak et al., 2021).

Reports indicated that isoflurane induced age- and time-dependent alternations of

dendritic spines (Table 9) (Briner et al., 2010).
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In the postnatal day (PND) 7 mice, a single 1.5% isoflurane anesthesia lasting 4h
reduced hippocampal thin spines without changing total spines for 2 weeks (Schaefer
et al., 2019). It has been shown a decrease of excitatory synapses in the hippocampus
of PND 5-7mice after 4h exposure to 1.4% isoflurane anesthesia (Head et al., 2009).
In PND 30 mice, 1% isoflurane for 3-4 h reduced the filopodia elimination (Yang, Chang,
Bekker, Blanck, & Gan, 2011). Another study reported that a 4h isoflurane (1.5%)
exposure induced hippocampal dendritic spine loss and glutamatergic LTP deficits in

PND-7 and -18 mice (Schaefer et al., 2019).

Although recent studies about the isoflurane anesthesia modulation of dendritic spine
dynamics are mostly focused on the developmental stage, a few reports have shown
that isoflurane can interfere with the dendritic spine remodeling during the later stages
of postnatal life. In 16-month-old mice, 40min of 1.5% isoflurane anesthesia together
with laparotomy reduced CA1-dendritic spine complexity eight days after the treatment
(Qiu et al., 2020). Whereas, 18-month-old rats with 2h isoflurane (1.2%) treatment

exhibited no effects on dendritic spine density (Lin et al., 2012).

Contrary to the above observations, some studies indicated an increase in dendritic
spines under isoflurane exposure. A study reported that in PND16 rats, 1h isoflurane
(1.5%) anesthesia increased the spine complexity in the cortex (Briner et al., 2010).
Besides, a recent work has shown that in pubertal rats, 40min isoflurane (3%) exposure
also upregulated spine counts in the prefrontal cortex as well as CA1l pyramidal

neurons (Landin et al., 2019).

Compared with isoflurane, sevoflurane anesthesia tends to bidirectionally affect
dendritic spine dynamics depending on the experimental animal’s developmental stage,

exposure duration, and brain regions under the study (Granak et al., 2021).

15



Repeated sevoflurane exposure (3%, 2h) during gestational days 13-15 evoked
dendritic spine loss in the CAL region (Wu et al., 2018). A 3x2h of 3% sevoflurane
treatment induced a long-term decrease in spine density in CA1 of PND 6-8 rats (Jia
et al.,, 2016). In PND7 mice, 6h of 2.3% sevoflurane anesthesia decreased
hippocampal dendritic spine density (Bin Liu, Ou, Chen, & Zhang, 2019). Xiao et al.
(2016) showed that 1h and 6h sevoflurane (3%) anesthesia of PND7 rats reduced
apical dendritic spines density of CA1 pyramidal neurons at PND21 (Xiao, Liu, Chen,

& Zhang, 2016).

Some studies demonstrated increased dendritic spine density under sevoflurane
anesthesia. 4h of 2.5% sevoflurane exposure in PND7 mice induced considerable
spine overaccount and spine alternation at PND21 (B. Zhou et al., 2019). In juvenile
rats of PND16 old, a 30min sevoflurane (2.5%) anesthesia increased the apical and

basal spines count in the cortex over 6h (Briner et al., 2010).

In summary, the inhaled anesthetics isoflurane and sevoflurane affect dendritic spine
dynamics and remodeling in a dose-, time-, developmental stage- and brain region-
dependent manner (Granak et al., 2021). However, the present studies about the
modulation of general inhaled anesthetics on dendritic spine morphological
alternations focus on the developmental stages. Even though a few studies have
reported the effects of the inhalational anesthetics on the adult brain, further

investigations are highly required.

3. Inhalational anesthetics and neurodegeneration

3.1 The neurotoxicity induced by inhalational anesthetics
Every year numerous cases of surgeries are done under anesthesia. At the same time,

anesthesia-induced neurodegeneration is a matter of great concern. The adverse
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neurotoxicity induced by anesthetics affects almost all ages, especially in pediatric and

geriatric populations (Figure 12) (S. C. Johnson, Pan, Li, Sedensky, & Morgan, 2019).

Neurodevelopmental Post-operative
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Figure 12. Anesthesia-induced neurotoxicity at extreme ages (S. C. Johnson et al., 2019).

Post-operative cognitive decline (POCD) represents syndromes with declined
neuropsychological performance after anesthesia in elderly persons (Cascella &
Bimonte, 2017). Numerous factors, especially neuroinflammation and microglial
activation, are essential to the pathophysiology of POCD (Figure 13) (Cascella &
Bimonte, 2017; Fodale et al., 2017; Ling, Ma, Yu, Zhang, & Liang, 2015; Vacas, Degos,

Feng, & Maze, 2013; L. Wang et al., 2018).
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Figure 13. Mechanisms of POCD and research perspectives (Cascella & Bimonte, 2017).



Annually a large number of people undergo procedures requiring anesthesia (Evered,
Scott, & Silbert, 2017). New studies are still urgently required to further reveal the exact
mechanism regarding the neurotoxicity and POCD induced by inhalational anesthetics,
which will support the identification of novel neuroprotective strategies during

anesthesia.

3.2 Alzheimer disease and amyloid cascade hypothesis

The population of the elderly increases rapidly. For example, the number of 65+ years
old people globally will be from 420 million in 2000 to almost 970 million by 2030,
increasing from 6.9% to 12% worldwide. The aging population will increase the largest
in developing countries, and share more than half of the aged persons (to
approximately 71%) worldwide (Qiu., Kivipelto., & Strauss., 2009). As the risk to
develop AD is strongly associated with aging, the public health and care systems

worldwide are facing extreme challenges.

3.2.1 Alzheimer disease

Senile dementia, characterized by progressive degenerative dysfunction in behavior
and cognition, has been a considerable burden on individuals, caregivers, and society
(Qiu. et al., 2009; Reitz & Mayeux, 2014). Around 47 million people in the world lived
with this syndrome in 2016, and more than 131 million people tend to develop dementia
by 2050 (World Alzheimer Report 2016, 2016). Of the forms of dementia, AD accounts

for 50-75% proportion (World Alzheimer Report 2009, 2009).

In 1906, AD was first reported by Alois Alzheimer, a German psychiatrist, with a
medical case report about a 51-year-old woman patient (DENNIS J. SELKOE, 2001).
This was thought of as a turning timepoint for the study of AD (BERCHTOLD. &

COTMAN., 1998). In 1968, AD was finally accepted as the most common form of senile
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dementia (Blessed, Tomlinson, & Roth, 1968; O'Brien & Wong, 2011; DENNIS J.

SELKOE, 2001).

Amyloid plaques and Neurofibrillary tangles (Figure 14) have been accepted for many
years as two pathological hallmarks of AD. Amyloid plaques (Figure 14a) are a cluster
of insoluble amyloid fibrils, which are accumulated extracellularly by amyloid- (AB), a
peptide with 38-43 residues (R. Vassar et al., 2014). In comparison, neurofibrillary
tangles (NFTs) (Figure 14b) are aggregated by hyper-phosphorylated tau (p-tau)

intracellularly (Haass & Selkoe, 2007).

= ‘ ~ O ey Lhi,_'/:) — ‘ :
Figure 14. Pathological hallmarks of AD (O'Brien & Wong, 2011).

3.2.2 Amyloid cascade hypothesis

Even though the mechanisms of AD remain unclear, several hypothesizes, such as
tau hypothesis, cholinergic hypothesis, mitochondrial cascade hypothesis, and amyloid
cascade hypothesis, have been proposed and studied (Barage & Sonawane, 2015;
Golde, 2003; Karran, Mercken, & De Strooper, 2011; D. J. Selkoe & Hardy, 2016;
Singh, Srivastav, Yadav, Srikrishna, & Perry, 2016). Thereof, only the amyloid cascade
hypothesis will be discussed in this thesis. In the past decades, as new studies have
been published, this hypothesis was renewed from the original amyloid cascade

hypothesis to a revised new one.

Studies in the last few decades, including the early histopathological findings (Maloy.,

Longnecker., & Greenberg., 1981; Pepys et al., 1993; TERRY., GONATAS., & WEISS.,
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1964), further biochemical (Booth et al., 1997; Castafo et al., 1986; Gustavsson,
Engstrom, & Westermark, 1991; Westermark, Engstrom, Johnson, Westermark, &
Betsholtz, 1990) and cell biological studies (Lopes et al., 2004), and transgenic animal
models investigations (Wirak et al., 1991) had supported that amyloid fibrils were
fundamental for the pathogenesis of AD (Barage & Sonawane, 2015; Ferreira, Vieira,

& De Felice, 2007).

However, despite all the studies and evidence referred to in the amyloid fibrils
hypothesis, it fails to explain some critical clinical and pathological issues of AD
(Ferreira et al., 2007). A clinical study in 1998 showed 80%, but not 100% of demented
AD patients with plaque pathology, and incipient AD patients had higher brain weights
and more neurons (Katzman et al., 1988). A study in 1991 (Terry et al., 1991)
presented weak relevance between psychometric indices and amyloid fibrils.
Giannakopoulos et al., found the amyloid volume was of no value for the prediction of
clinicopathologic correlations with NFT (Giannakopoulos et al., 2003). Intraperitoneally
administration with BAM-10 to recognize the AB peptide, Linda A et al., found the
memory deficits of Tg2576 animals could be fully reversed, indicating that AB is a
potential target to improve memory of AD patients (Dodart et al., 2002). Similar to this
report, Jean-Cosme Dodart et al., used another antibody m266, a monoclonal antibody
specific for AB, to increase AB plasma concentration and reduce the deposition of AR
in an AD transgenic mouse model. They showed that the application of m266 could
quickly restore memory impairments with no alternations of plaque deposition
(Kotilinek et al., 2002). Those controversial findings puzzled scientific researchers for

a long time.

More recent studies have proposed an alternative suspect responsible for AD: soluble

amyloid oligomers (ABOs) (Ferreira et al., 2007). Thus, a modified version of the
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amyloid cascade hypothesis was proposed (Figure 15): once the AB42 oligomers are
formed and accumulated to plaques, a cascade of events is triggered thereafter and
induced biological and neurological symptoms of dementia (Hardy & Selkoe, 2002;

Klein, Krafft, & Finch, 2001).
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Figure 15. The amyloid cascade hypothesis (D. J. Selkoe & Hardy, 2016; Singh et al., 2016).

AB represents peptides of 36-43 amino acids (Ferreira, Lourenco, Oliveira, & De Felice,
2015). The molecular weight of AB is 4 kDa. It is derived from the proteolytic cleavage
of APP. Full-length APP molecule is cut by - as well as y-secretases to generate AB-
monomers, which form oligomers and amyloid fibrils thereafter. Biologically, AB-

monomers are not neurotoxic, but can easily aggregate into toxic oligomers.
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Accumulating reports indicate that soluble AB oligomers are able to induce
neurotoxicity and lead to neurodegeneration (Salahuddin, Fatima, Abdelhameed,
Nusrat, & Khan, 2016).

Firstly, increased levels of soluble AB oligomers were detected in Alzheimer’s subjects
as well as in transgenic AD mouse models (Ferreira et al., 2007). Early studies showed
that soluble AB expressions were enhanced in brain tissues, cerebrospinal fluid (CSF),
as well as smooth muscle cells of vessel walls of Alzheimer patients (Kuo. et al., 1996;
Tabaton et al., 1994; Wisniewski, Zoltowska, & Frackowiak, 1994). Moreover, later
findings showed that the AB oligomer levels in AD brains reached approximately 70x
over controls (Y. Gong et al., 2003). In the CSF from the AD patients, the AB oligomer
levels were consistently higher than that of non-demented age-matched controls
(Georganopoulou et al., 2005). The above-mentioned elevated soluble oligomers
appear to locate in the cortex, a brain region fundamental for cognition, of Alzheimer’s
subjects (Lacor et al., 2004). Moreover, the soluble AB oligomers in several transgenic
models, including Tg2576, 3xTg-AD, and Tg6799 mice, were increased (Lesne et al.,
2006; Ohno et al., 2006), which supports the hypothesis that ApB oligomers are critical

for AD pathogenesis.

Secondly, direct evidence has been reported to show soluble AB oligomers induce
morphological and biophysiological changes. In the frontal cortex, a brain region
responsible for cognition, but not in the cerebellum, Omar M. A. El-Agnaf et al.,
reported that fresh AB soluble oligomers solutions are harmful to SH-SY5Y cells
derived from human neuroblastoma (El-Agnaf, Mahil, Patel, & Austen, 2000). Data
from seven transgenic mouse lines indicated inverse correlations between soluble A
in the hippocampus and synaptophysin, a presynaptic marker, levels (Klein et al.,

2001). Lambert et alt., showed that AB-Derived Diffusible Ligands (ADDLS) were

22



diffusible and extremely potent central nervous system neurotoxins. ADDLs could
evoke cell death at nanomolar doses by binding to some particular cell surface proteins.
Furthermore, pre-incubation with 50nM of ADDLs disrupted LTP within an hour in
hippocampal slices (Lambert et al., 1998). Our previous reports have demonstrated

that AB dose-dependently blocked LTP (Rammes et al., 2015).

Moreover, despite the fact that the precise mechanisms of how soluble AB oligomers
exert toxic effects on neurons are largely not clear, several possible hypotheses and
mechanisms have been addressed (Ferreira et al., 2007). Those mechanisms are
reviewed by Ferreira and his colleagues and listed as follows: deregulation of calcium
homeostasis and oxidative stress, interactions with cell surface receptors, AP
oligomers downstream target tau, and intracellular AR oligomers. They published
another review thereafter and described that AR oligomers interact possibly with
glutamate receptors, prion protein, frizzled receptors, neuroligin, Sigma-2/PGRMC1

receptor, and other receptors directly and/or indirectly (Ferreira et al., 2015).

3.3 Amyloid precursor protein structure and function

3.3.1 The structure of APP and its proteolysis process

APP refers to one related protein family including APP, APLP1, and APLP2 (O'Brien &
Wong, 2011). In this protein family, only APP can generate amyloidogenic fragments,
namely AB (Cousins, Dai, & Stephenson, 2015; Mueller, Deller, & Korte, 2017; O'Brien
& Wong, 2011). The single gene encoding APP is positioned at chromosome 21 of
human beings (Goate. et al., 1991). Three of eight alternative splicing isoforms
(according to the differential splicing of exon 7 (Allinson., Parkin., Turner., & Hooper.,
2003)) of APP transcript are well known, which are APP695, APP751, and APP770

(O'Brien & Wong, 2011; Y. W. Zhang, Thompson, Zhang, & Xu, 2011).
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As is a type | single transmembrane protein (Mueller et al., 2017). Within the A peptide
domain, three sites are cleaved by secretases (Figure 16). The a-secretase is a group
of zinc metalloproteinases that can cut APP between Lys'® and Leu!’ (Thinakaran &
Koo, 2008; Robert Vassar, 2004). The most common form of a-secretases is a
disintegrin and metalloproteinase domain protein (ADAM) 10 (Mueller et al., 2017; Prox
et al., 2013). The B-site APP-cleaving enzyme 1 (BACEL1) consists of 501 amino acids
(Robert Vassar, 2004). BACE1 can cleave the AB domain at Asp! and Glu'! (B'-
cleavage site) (R. Vassar et al., 2014). The y-secretase consists of presenilin, nicastrin,
anterior pharynx defective 1, and presenilin enhancer 2. It cleaves APP at multiple
positions, through which both AB40 (90%) and AB42 (10%) are generated (D. J. Selkoe

& Wolfe, 2007; Thinakaran & Koo, 2008; Y. W. Zhang et al., 2011).

e
Extracellular B« WM Intracellular

Vo =0
N ——

AR peptide o~

-l ‘ Ve
EVKM TVIVEELVMLKKQ.
T1 16717 o= AOT 42’5‘ =0

P secretase « secretase v secretase

Figure 16. APP schematic structure (O'Brien & Wong, 2011; Thinakaran & Koo, 2008).

Physiologically and pathologically, APP undergoes complicated proteolytic processing
and produces several biologically active fragments that have multiple functions
(Mueller et al., 2017). There are two canonical APP proteolysis pathways, ie. the non-

amyloidogenic pathway and the amyloidogenic pathway (Figure 17), through which

different molecules are generated.
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Figure 17. Two pathways of APP proteolysis processing (O'Brien & Wong, 2011; Thinakaran &
Koo, 2008).

3.3.2 APP functions

Several studies have been done to investigate the biological functions of APP (Mattson,
1997; Mueller et al., 2017; Sosa et al., 2017; Thinakaran & Koo, 2008; van der Kant &
Goldstein, 2015; Zheng & Koo, 2011). Generally speaking, APP functions as a cell
receptor (Mattson, 1997), to be interacted with cells (Cousins et al., 2015), and as a

synaptic adhesion molecule (Deyts, Thinakaran, & Parent, 2016; Mueller et al., 2017).

APP can function similarly tos Notch, a membrane-bound transcription factor (Mueller
et al., 2017). Besides, APP binds to the secreted molecule F-spondin and is actively
involved in neuronal activity (Ho. & Stdhof, 2004). Moreover, APP also binds to Netrin-
1 to trigger AICD-dependent gene transcription and suppress AB production (Rama et
al.,, 2012). Via interaction with the GIuN1 subunit, APP family members co-
immunoprecipitated with GIuUN1/GIuN2A as well as GIuN2B. They further regulate the
homeostasis of the cell surface NMDA receptor (Cousins et al., 2015). The APP
structural features, namely the extracellular and cytoplasmic domains, suggest that the
APP potentially functions via cell adhesion (Mueller et al., 2017) (Figure 18). Further
studies have shown that APP family indeed functions as a cell adhesion molecule and

plays a role in synaptic plasticity (Schilling et al., 2017).

25



a
o
.

postsynapse

Figure 18. APP family functions at the synapse (Schilling et al., 2017).

APP is critical for morphological and functional maintenance in the central nervous
system. Firstly, APP plays an important role in neuronal development (Mueller et al.,
2017). By using both wildtype and APP knockout mutant mice, a study reported that
during the embryonic development in the cortex, APP controlled the cell cycle
progression (LOpez-Sanchez, Miller, & Frade, 2005). Surprisingly, APP-TAG1 (a
member of the F3 family, and F3 belongs to Glycophosphatidylinositol-linked
recognition molecules) signaling pathway negatively modulated neurogenesis (Q. H.
Ma et al., 2008). Moreover, mice lacking APP have shown decreased brain weight and

forebrain commissures (Magara et al., 1999).

Besides, APP is also intensively involved in axonal growth and guidance (Mueller et
al., 2017). One report revealed that APP/FE65 complex was critical to neuronal
membrane stability, neuritogenesis, and synaptic modification (Sabo, Ikin, Buxbaum,
& Greengard, 2003). APP is co-localized with integrins, a group of transmembrane
receptors, in neural cells and axons, to enhance the viability and polarity of neurons
(Perez., Zheng., Ploeg., & Koo., 1997; Yamazaki., Koo., & Selkoe., 1997). Intriguingly,
a study found that neurons lacking APP or deletion of APLP1/APLP2 or exposure to
sAPPa underwent neurite elongation (Young-Pearse, Chen, Chang, Marquez, &

Selkoe, 2008).
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Thirdly, APP is essential to dendrite complexity, spine counts, and spine dynamics
(Mueller et al., 2017). Using APP” mice, a study reported that the length of the
dendrites as well as the arborization of hippocampal neurons were significantly
impaired (Tyan et al., 2012). APP overexpression in cultured hippocampal neurons
increased spine density. At the same time, the downregulation of APP decreased
dendritic spine numbers (Lee et al.,, 2010). Furthermore, APP/APLP2 mutant mice
exhibited synapse abnormalities. In adult APP/APLP2 double knockout mice, a
prominent deficit of dendrites and synapses was found in the CA1 region (Hick et al.,

2015).

Last but not least, APP is important for synaptic plasticity and cognition (Mueller et al.,
2017). Studies in AD patients indicated that synapse loss was highly related to
alternations in cognition (Terry et al., 1991). Moreover, a report published in Nature
Medicine in 2008 showed that with the applications of soluble AB oligomers derived
from AD patients, hippocampal LTP in normal rodent hippocampus was inhibited,
whereas long-term depression (LTD) was enhanced, along with spines reduction
(Shankar et al., 2008). Further reports have shown that only aged APP-- mice exhibited
abnormal potentiation as well as behavior performance (Dawson et al., 1999; Ring et

al., 2007).

3.4 BACE1 structure and function

BACEL is a type | transmembrane molecule consisting of 501 amino acids. The D-T/S-
G-T/S motifs of BACE1 are characteristic, and they are critical for its activity (Figure
19) (Dislich & Lichtenthaler, 2012; Yan et al., 1999). BACE1 accommodates up to 11
substrate residues due to its broader, more open, and less hydrophobic active cleft

(Dislich & Lichtenthaler, 2012; Hong et al., 2000; Turner, Hong, Koelsch, Ghosh, &
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Tang, 2005). Including APP, SEZ6, and CHL1, BACE1 has more than 35 substrates

(L. Zhou et al., 2012; Zhu et al., 2018).

Sy W -

°
1OSd

Trans-

embrane

membra
000 Domain
SR80 o) 478 [2omain
5498 a Cytosolic
= Domain
D 501
K501 & Cvtosol

Figure 19. BACEL structure (Dislich & Lichtenthaler, 2012).

BACEL is enriched in the hippocampus (Yan et al., 1999). It has been shown that the
MRNA expressions of BACEL1 are the highest in the brain and significantly lower in
other tissues (R Vassar & Cole, 2007). This is in line with the findings that BACE1
expressions in neurons are much higher than that in resting glial cells (Harada et al.,
2006; Sinha et al., 1999; Yan et al., 1999). Moreover, the BACE1 expressions are

developmentally regulated (Dislich & Lichtenthaler, 2012).

The cleavage by BACE initiates the amyloid cascade for neurodegeneration. An
upregulation of BACEL expression levels is reported both in human and AD mouse
model brains. In AD patients, a dramatic increase in BACE1 expressions and a nearly
two-fold increase of CTF3 were reported (Holsinger, McLean, Beyreuther, Masters, &
Evin, 2002). Of the Tg2576 and hAPP KM670-671NL (hAPPSw) transgenic mice, the
BACE mRNA expression patterns are in similar anatomical localizations with AR

deposition (Irizarry, Locascio, & Hyman, 2001). In AD mouse brains, the increased
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BACEL is generated in the survived neurons instead of the normal neurons in control

brains (Harada et al., 2006). .

BACEL1 is fundamental for the amyloidogenic pathway and its activity limits the AP
production rate. Studies have shown that including hypoxic and oxidative cell stress
mechanisms (Tamagno et al., 2005), numerous mechanisms are regulating BACE1
activity (Dislich & Lichtenthaler, 2012; Stockley & O'Neill, 2008). Recent evidence
indicates that the general inhaled anesthetics, including isoflurane and sevoflurane,

can regulate BACEL levels and will be discussed in this thesis.

3.5 Regulation of APP processing by inhaled anesthetics
Recent studies have indicated that inhalational anesthetics are involved in the

abnormal modulation of APP processing (Jiang & Jiang, 2015).

Studies have demonstrated that isoflurane anesthesia increased BACE protein
expressions (Xie et al., 2008) and APP mRNA levels (S. Zhang et al.,, 2017).
Furthermore, isoflurane anesthesia enhanced AR secretion, aggregation, and
oligomerization levels (Eckenhoff et al., 2004; Xie et al., 2008; S. Zhang et al., 2017).
The accumulated AR levels tended to induce further cellular apoptosis (Xie et al.,

2007b).

Roderic G et al. reported an increase in AB oligomerization rates by isoflurane
anesthesia (Eckenhoff et al., 2004). Zhongcong et al. reported that in H4 human
neuroglioma cells, a 2% isoflurane treatment for 6h dose-dependently evoked cellular
apoptosis (Xie et al., 2006). They further demonstrated in another study that 6h of 2%
isoflurane exposure in the H4-APP cells increased BACE levels as well as secreted
AB levels (Xie et al., 2007a). Moreover, the isoflurane-induced accumulation of

aggregated A in turn promoted apoptosis (Xie et al., 2007a). The further in-vivo study
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investigated, isoflurane (1.4%, 2h) evoked caspase activation and modestly elevated
BACE expressions 6h after exposure. Moreover, up to 24 hours following treatment,
isoflurane evoked caspase activation and upregulated BACE as well as AP
expressions. They hypothesize that isoflurane might upregulate BACE expressions by
reduction of BACE degradation. These above observations indicate that isoflurane

anesthesia probably enhanced AD neuropathogenesis (Xie et al., 2008).

Sevoflurane anesthesia increases BACE and A levels in a similar way compared with
isoflurane (Dong et al., 2009; B. Liu, Xia, Chen, & Zhang, 2017). Yuanlin et al. found
that 4.1% sevoflurane exposure for 6 hours in human H4 neuroglioma cells induced
apoptosis, elevated BACE levels, and increased AB expressions (Dong et al., 2009).
They further demonstrated that mice anesthetized with sevoflurane (2.5%, 2h) also
increased BACE as well as A levels. Bin et al. reported that mice at PND7 exposure

with 3% sevoflurane for 6h upregulated BACE1 expression (B. Liu et al., 2019).

Of note, modulation of BACE activity partly reversed the anesthetics-mediated
aberrant APP proteolysis procedure (Eckenhoff et al., 2004; S. Zhang et al., 2017).
However, investigations are highly required to better demonstrate the BACE activity
effects during anesthesia on physiological and morphological remodeling in the adult
hippocampus. In addition, no experiments have been conducted about how xenon

affects APP proteolysis processing.

3.6 Xenon functions as a neuroprotective anesthetic

The noble gas xenon was first discovered in 1898 by Ramsey and Travers in the
procedure of distilling liquefied air (Joyce, 2000). It was later applied as an anesthetic
in human beings in 1951 (Cullen & Gross, 1951; Joyce, 2000). In comparison with the
other anesthetics, xenon has been revealed with several favorable characteristics, for

example in the aspects of safety, cardiovascular stability, beneficial pharmacokinetics,
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analgesia, and, especially and importantly, neuroprotection (Sanders, Ma, & Maze,

2004).

The neuroprotective properties of xenon have been reported by numerous studies
(Homi et al., 2003; W. Liu, Khatibi, Sridharan, & Zhang, 2011; D Ma, Wilhelm, Maze,
& Franks, 2002; Tonner, 2006). With a neuronal-glia cell coculture from mice, a study
reported that xenon is neuroprotective against injury either evoked by glutamate,
NMDA, or oxygen deprivation in a concentration-dependent manner (Wilhelm, Ma,
Maze, & Franks, 2002). Ma et. al. found that xenon did not increase the immediate
early gene-encoded protein c-Fos to accelerate neuronal injury. Meanwhile, ketamine
and N20 were shown to dose-dependently upregulated c-Fos expressions (Figure 20)
(D Ma et al., 2002). In another study, 65% atm xenon application was able to attenuate
the neurological and neurocognitive dysfunction in rats subjected to a neural injury

(Daging Ma et al., 2003).
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Figure 20. c-Fos expressions by treatment of xenon, N20, and ketamine (D Ma et al., 2002).

The reports from us illustrated that xenon affects the NMDA, AMPA, and HCN but not
GABAA receptors (Mattusch et al., 2015). Inhibiting NMDA receptor at its binding site
was thought to be an essential mechanism of xenon action (Figure 21) (Alam et al.,

2017; Yamakura & Shimoji, 1999). Inhibiting the NMDA receptor hinders the cation
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Ca?* and Na* influx into the cytoplasm to trigger various anesthetic actions. Besides,
the pathways of PI3K-Akt-mTOR and MARK are also enhanced by xenon exposure.
Although the exact mechanisms regarding those alternations are still not clear, an
increase in the efficiency of HIF-1a, VEGF, and erythropoietin is observed in ischemic

brain injury (Figure 21) (Alam et al., 2017).
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Figure 21. The mechanism of xenon action (Alam et al., 2017).

The mechanisms of the noble gas xenon have been under investigation over the years.
However, the gaseous anesthetic xenon effects on dendritic spine dynamic and

remodeling have yet not been reported.

4. Nectin-3 and the regulation of synaptic plasticity

Nectins represent immnunoglobulin-like transmembrane cell adhesion molecules
(Figure 22). The nectins family consists of nectin-1, -2, -3, and -4. They are expressed
ubiquitously (Takai, 2003). The molecular structure of nectins is shown is Figure 22

(Mori, Rikitake, Mandai, & Takai, 2014).
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Nectins exhibit a few molecular properties. First, nectins exhibit a Ca?*-independent
intracellular cell adhesion property. Second, they can activate several proteins. Third,
nectins bind to afadin and partition defective three homologues (Par-3). Fourth, nectins
interact heterophilically with necls and other Ig-like CAMs through their extracellular
regions. Fifth, they interact with some growth factor receptors (Mori et al., 2014). Of

those, primarily, nectins regulate cell-cell adhesions.

In the hippocampus, nectin-1 and -3 are asymmetrically positioned at either pre- or
post-sites of the synapses. Nectin-1 and -3 heterophilic trans-interactions contribute to
the stabilization of the axon-dendritic adhesion (van der Kooij et al., 2014), learning,

and memory (X. X. Wang et al., 2017).

In the CNS, either nectin-1 or -3 expression is developmentally regulated. In C57BL/6J
mice, both protein levels are gradually elevated from the embryonic period, peak at
around 9th days after birth (X. X. Wang et al., 2017) to 14 (Shiotani et al., 2017), and
decrease sharply afterward, especially in the animals over 1 year old (Shiotani et al.,

2017).

Biologically, nectin levels are modulated partly by the stress-related system. In the
developmental and adult hippocampus, both nectin-3 mRNA and protein expressions
were downregulated in mice that underwent stress (X. D. Wang et al., 2013). One study
showed that chronic restraint stress slightly reduced nectin-1 protein levels, and

significantly reduced nectin-3 (van der Kooij et al., 2014) levels. With the chronic social
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defeat stressed mice, researchers reported that the nectin-3 mRNA expressions in the

cortex were reduced (Q. Gong et al., 2018).

Studies have shown the abnormal nectin-3 expressions on morphologies and functions
of the hippocampus (R. Liu et al., 2019; X. X. Wang et al., 2017). Hippocampal nectin-
3 downregulation by adeno-associated virus (AAV) in adult mice evoked CA3-spine
loss (X. D. Wang et al., 2013), which attenuated in adult mice the behavior performance
(R. Liu et al., 2019). In addition, nectin-3 overexpression in the adult hippocampus
recused spine elimination, spine volume changes, and hippocampus-dependent
memory deficits induced by early-life stress (X. D. Wang et al., 2013). Moreover, the
downregulation of nectin-3 in adult dentate gyrus modulated differentiation and
maturation of the newly generated granule neurons (X. X. Wang et al., 2017). Those
morphological changes in the hippocampus induced impaired long-term spatial
memory (X. D. Wang et al., 2013). They showed in one study that nectin-3
downregulation in newly-generated dentate granule cells decreased spine density,
especially thin type spines. The abnormalities further evoked long-term spatial memory
deficits (X. X. Wang et al., 2017). Furthermore, hippocampal nectin-3 suppression
during the postnatal stage significantly impaired dendrites morphology and spine
counts of pyramidal neurons (R. Liu et al., 2019). Compared with nectin-3 suppression
findings, nectin-1 knockdown in postnatal mice only reduced stubby spines loss in the
CA3region (R. Liu et al., 2019). Those studies highlight that nectins, particularly nectin-
3, are predominant for both developmental and adult hippocampal function and

structure.
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Aim of the dissertation

The present thesis aims to gain an investigation about the mechanism of inhalational

anesthesia on the BACE-dependent APP proteolysis process as well as the spine

plasticity of the hippocampus.

In order to fulfill the above goal, the following objectives are listed as:

To illustrate whether and how the inhalational anesthetics affect LTP and dendritic
spine morphology in the CA1 region

To examine whether and how the inhalational anesthetics affect hippocampal
mouse AB1-42 levels, APP-processing related molecules, and nectin-3 expressions
To investigate the effects of mouse AB1-42 oligomers on CAl-potentiation as well as
dendritic spine density

To test nectin-3 downregulation on potentiation and spine dynamics in CA1

To evaluate the effects of the BACE inhibitor LY2886721 at 3uM for 2h application
on LTP and hippocampal AB1-42 levels

To study the effects of BACE inhibition during inhalational anesthesia on LTP,
mouse APi-42 levels, APP-proteolysis-process related molecules, and nectin-3

expressions in the hippocampus
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Materials and Methods

1. Mice

C57BL/6J and Thyl-eGFP adult male mice were used in the present thesis. The mice
were of 8-12 weeks old. They were bought from Charles River company in Munich,
Germany. All mice were single-housed under standardized conditions. The light/dark
cycle was set at 12:12 h. The room temperature (RT) was set at 22 + 2 °C (60%
humidity). Standard food as well as tap water were supplied. All mice were assigned
to each group randomly. All procedures were done in accordance to a formal document

(Zhu et al., 2018).

2. Compounds

2.1 Inhalational anesthetics

Isoflurane, sevoflurane, and xenon were used in this thesis. During all procedures
regarding xenon application, the oxygen supply should be sufficient and the pH value
should be maintained at 7.2-7.4. This is why the maximum concentration of xenon for
sections incubation is up to 65%, ie. 1.9 mM in artificial cerebrospinal fluid (aCSF)
(Haseneder. et al., 2008). Thus, xenon application was performed by gassing a mixture
of 65% xenon, 30% Oz, and an additional 5% CO2 (Kratzer. et al., 2012). The control
gas was therefore applied by a nitrogen mixture gas (65% N2, 30% O2, 5% CO3). Both

gas mixtures were applied in exchange for carbogen gas (95% Oz, 5% CO2).

For comparability and to ensure equipotent concentrations of anesthetics according to
MACmouse, the applied concentration of either isoflurane or sevoflurane was at 0.6%
(0.21 mM) and 1.4% (0.29 mM). These concentrations were equal approximately to
MACawake (Aranake et al., 2013). Isoflurane and sevoflurane have been supplied by a

vapor together with a carbogen gas mixture.
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2.2 Mouse AB1-42
The mAB1-42 (#AG542) from Sigma-Aldrich of Germany was used. The compound was
suspended in hexafluoroisopropanol (37°C, 1.5h), lyophilized, and then dissolved in

DMSO and aCSF to 50nM.

2.3 BACE inhibitor
The beta-secretase inhibitor (Figure 23) used in this thesis was LY2886721 (#S2156,
Selleck Chemicals, Houston, TX, USA) (Satir et al., 2020). The drug was sequentially

dissolved in DMSO and aCSF to 3uM.
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Figure 23. LY2886721 structure.
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3. Hippocampal slices preparation

Animals were anesthetized with an appropriate amount of isoflurane and then
decapitated. Brains were quickly removed and put into aCSF containing ice (Hofmann
et al., 2021). Sagittal brain sections were cut at 350um thickness with a vibratome
(VT1000 S, Leica, Germany). Sections were transferred to aCSF at 35°C for 0.5h,
followed by recovery for at least 1h at RT (Haseneder. et al., 2008; Kratzer. et al.,

2012).

4. field excitatory postsynaptic potentials (fEPSPs) recordings
The fEPSPs were recorded in the stratum radiatum region in CA1 of the brain slices
(Haseneder. et al., 2008). As shown in Figure 24, two bipolar tungsten electrodes and

one recording borosilicate micropipette were applied to trigger two distinct stimulations.
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fEPSPs data from either fiber population were used either as an internal control (ctl) or

treatment group.

recording pipette

CA1

stimulation electrode

Schaffer
collaterals’

stratum oriens
stratum pyramidale
stratum radiatum

Dentate gyrus

Figure 24. Sagittal hippocampal slice (Kratzer. et al., 2012).

fEPSPs were triggered via one of two electrodes. The voltage pulse was 50-us. A
stimulus at 15-s intervals of each electrode was delivered alternatively. To minimize
noise signals, the average data of two consecutive fEPSPs were calculated. For the
baseline recordings, | modified the stimulation to obtain a response of around half
amount of the maximal maintainable response. The fEPSPs slope data of the rising
phase, ie 20%-80% of the peak amplitude (Figure 25), were used to quantify the
synaptic transmission strength. After fEPSPs curve gets stabilized, recordings were

kept for at least 20min.

A high-frequency stimulation (HFS, 100Hz, 1s) was applied to trigger LTP. fEPSP
slopes were continuously recorded for another 1h without alternating the rate of
stimulation. Slopes were normalized with data recorded within the last 20 min before

the triggering of HFS.

50ms Savedas B0240261 APD

Figure 25. Typical fEPSP curve (https://www.winltp.com/OverviewOfWinLTP.html).
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Either anesthetic or LY2886721 was added after the first HFS (HFS1) triggering. The
recording of the potentiation was sustained for 1h. Either anesthetic isoflurane,
sevoflurane, or xenon was thereafter added to the aCSF. 1.5h later, the secondary
HFS (HFS2) was delivered followed by the recording of the fEPSP slopes for another
1h. The baseline data of the secondary potentiation was from the fEPSP slopes

obtained 20min before the delivery of HFS2.

For the co-incubation of LY2886721+anesthetics groups, the BACE inhibitor was
added to aCSF before the transfer of brain sections to the recording chamber. 2h later,
HFS1 was delivered, and fEPSPs were recorded for 1h. Either anesthetic was applied

for 1.5h. Then HFS2 was triggered with an additional recording for 1h.

Two electrodes were used for the LTP recordings with the brain sections of the AAV-

infected mice, whereas, the CAl-potentiation was evoked only in one input.

5. Stereotaxic virus injection

The short hairpin  RNA (shRNA) sequence which targets nectin-3 5'-
TGTGTCCTGGAGGCGGCAAAGCACAACTT-3' has been validated according to
previous work (R. Liu et al., 2019; X. D. Wang & Schmidt, 2016; X. X. Wang et al.,
2017). The commercial AAV-shNectin-3 (AAV9-CMV-Nectin3.shRNA-terminator-GFP-
hGH-amp, >1x10° viral genomes/ml) and scrambled control virus (AAV9-CMV-
Scrambled.shRNA-terminator-GFP-hGH-amp, 3.5x10'2 viral genomes/ml) were

provided by Applied Biological Materials Inc. (abm; Figure 26).
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Figure 26. Full vector sequence for Pvrl3 AAV siRNA pooled virus (Serotype 9, from abm).
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As described previously, | performed the microinjection with AAV shown above (X. D.
Wang & Schmidt, 2016; X. X. Wang et al., 2017). Shortly to say, 0.5ul virus was
injected to both sites of the CA1 region of the mice. A Hamilton syringe (1ul, Hamilton,
7001) along with a 33-gauge needle (Hamilton, 65461—-01) were used for the virus
delivery. The syringe was connected to an injection pump and the rate of the delivery

was set at 0.05ul/min.

The bregma was set as point 0. Thereafter, the injection site was located 1.8mm back
from the bregma and 1.2mm lateral from the midline. After the injection point was set
well, a bit was used to make a hole in the skull. After | have seen the brain surface
under a microscope, the needle was put gently into the brain tissue till 1.4mm deep
inside. During the injection, the mice were anesthetized with a sufficient amount of
isoflurane. Animals were allowed recovery for 14 days to induce sufficient virus

infection before CAl-potentiation recordings were performed.

6. Immunofluorescence

After fEPSPs recordings, the brain sections were sequentially transferred into 4%
paraformaldehyde (PFA, Merck, Germany) for 24h and 30% sucrose for 36h.
Thereafter, slices were cut into 40um thickness with a cryostat (CryoStar NX70,

Thermo Fisher Scientific, Germany).
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On the first day of staining, brain slices at 40 um were washed at RT with 0.1M PBS
for 3 x 10 min, which was followed by pre-incubated with blocking buffer (0.1M PBS +
10% normal goat serum (NGS; G9023, Sigma Aldrich, Germany) + 0.3% Triton-X-100
(Sigma Aldrich, Germany)) for 1h. Thereafter, primary antibodies (Table 10) were
applied and sections were put on a shaker at 4°C overnight. On the second day, after
a thorough wash, the slices were treated with secondary antibodies (Alexa Fluor
488/594-conjugated goat anti-mouse/rabbit antibodies, 1:500; Invitrogen, Carlsbad,
CA, USA) at RT for 3h. After 3 x 10 min washes, sections were mounted and
coverslipped (Dako Mounting Medium; S2023, Dako North America, United State) (X.

X. Wang et al., 2017).

Name of the antibody Concentration Infomation

mouse anti-APP (22C11) 1:1000 #14-9749-82, Thermo Fisher

rabbit anti-nectin-3 1:1000 sc-ab63931, abcam, UK

rabbit anti-GFP 1:500 #A-11122, Thermo Fisher Scientific, Germany

Table 10. Primary antibodies used in immunofluorescence.
Images from 4-8 sections per mouse with the Zeiss Microscope (Carl Zeiss Microscopy
GmbH, Germany) were obtained. The colocalization profiles of APP and nectin-3 were

guantified by Imaris software (Oxford Instruments, UK).

7. Immunohistochemistry
After LTP recordings, brain sections were put in 4% PFA for 24h and 30% sucrose for

36h. Brain sections at 40um thickness were prepared for immunohistochemistry.

On day one, sections were first rinsed with 0.1M PBS for 3 x 10 min. Then hydrogen
peroxide block was applied for 10min. After rinsing, a blocking buffer was added at RT
for 1h. Thereafter, primary antibodies of APP (mouse anti-APP (22C11), 1:2000, #14-
9749-82, Thermo Fisher) and nectin-3 (mouse anti-nectin-3 (H-11), 1:1000; sc-271611,
Santa Cruz) were applied. Sections were put on a shaker overnight at 4°C. On day two,

after washes, biotinylated goat anti-mouse polyvalent was applied at RT for 2h on the
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shaker. Following 3 x 10 min washes with 0.1M PBS, streptavidin peroxidase was
applied at RT for 2h. After 3 x 10 min rinses with 0.1M PBS, 3,3'-Diaminobenzidine
Horseradish Peroxidase Color Development Kit was applied for 10min. Thereafter,
sections were washed with ddH20 for 2 x 10 min and transferred onto slides. EtOH at
concentrations of 70%, 95%, and 100% (5 min of each) was applied to dehydrate the

brain sections. In the end, slices were treated with Xylene (3 x 5 min) and coverslipped.

Using the Zeiss Microscope, images (4-8 slices/mice) were obtained for the
guantification of both nectin-3 and APP. ImageJ software (National Institute of Health,
Bethesda, MD, USA) was used to quantify the relative protein expressions (protein
levels = optical grey density of the region of interest - optical grey density of the corpus
callosum). The corpus callosum region was lacking in staining, thus this region was

used as the background (R. Liu et al., 2019). Data were shown as 100% of the control.

8. Western blot
Tissues of the hippocampus were collected after CA1-LTP recordings. Ice-cold lysis
buffer (Table 11) was applied to homogenize the tissue for 15min. Thereafter, tissues

were centrifuged (12000rpm, 4°C, 30min). The supernatant was stored for further

usage.
Name of the product Amount/100ul  Information
Protease Inhibitor Cocktail tables 2ul, 50x Roche, Switzerland
Pepstatin 0.1ul P5318, Roche, Switzerland
Phenylmethylsulfonyl fluoride 0.1pl, 100x #7626, Sigma Aldrich, Germany
RIPA buffer 97ul R0278, Sigma Aldrich, Germany

Table 11. Lysis buffer for western blot.

Proteins lysate was diluted into 1:5 and 1:10 with ice-cold lysis buffer, vortexed, and
centrifuged for 30s. Milli-Q water, pre-diluted protein standard assay, and diluted

protein samples were added and placed on a shaker for 30min at RT. Protein
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concentrations were measured by absorbance microplate reader at the absorption of
A=620nm into 1pg/pl or 2 pg/pl with 4x sample buffer. Proteins were heated at 95°C

for 5 min and then stored.

The glass plates were cleaned with EtOH and Mill-Q water and air-dried, after which
plate sandwiches were made. Separating gels cocktails (Table 12) were prepared and
applied to each gel with 1.0mm spacers for polymerization for 40 min. 1ml Milli-Q water
was filled onto the gels to avoid them from drying. When the separating gels were well
polymerized, the water was poured out, and stacking gels cocktails (Table 12) were
made and applied to each gel, after which the combs (10 or 15 wells) were placed.

Gels were allowed to polymerize for 30min and stored at 4°C for further usage.

Name of the product Separating gels cocktails Stacking gels cocktails
(6 ml) (3 ml)

30% Acrylamide 1.98 ml 0.5ml

10% Ammonium persulfate (APS) 60 ul 30 ul

10% Sodium dodecyl sulfate (SDS) 60 pl 30 pl

Tetramethylethylenediamine (TEMED) 2.4l 3ul

Tris(hydroxymethyl)aminomethane (Tris) 1.5 ml (1.5 M, pH=8.8) 0.38 ml (1.0 M, pH=6.8)

Table 12. Separating and stacking gels cocktails
Probes were placed on ice. Meanwhile, gels were put in the gel core tightly in the setup.
SDS-running buffer (containing 25 mM Tris, 190 mM glycine, and 0.1% SDS) was
applied to the top of the gaskets. Combs were removed carefully, and the lanes of the
gels were rinsed with the buffer. After these preparations, 2ul of the sample marker
was applied to the first lane and 10ul of each probe to the rest ones. Tetra Vertical
Electrophoresis Cell for Mini Precast Gels setup at the constant voltage at 80V was

run for the first 20min and 120V afterward until the front left the gel.

Approximately 15min before the gel running was complete, tubs, filter papers,
membranes, black/white cartridges, and others were prepared. Membranes were
labeled, incubated with methanol, rinsed 2 times with Milli-Q water, and placed in

transferring buffer. Once the gels finished running, the setup was turned off and the
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running buffer was dumped. Gels were taken out and removed from the core.
Thereafter, stacking gels were removed, and separating gels were activated and
imaged with ChemiDoc XRS + System and Image-lab software. Then, blot sandwiches
were made and fixed in the gel tank. Afterward, the gel tank was added with sufficient
transferring buffer (25 mM Tris and 192 mM glycine) with an ice block placed inside.
Transfer Tetra Vertical Electrophoresis Cell with Mini Trans-Blot at the constant voltage

at 80V for 1h.

Membranes were taken out of the sandwiches, washed in TBST (20 mM Tris, 150 mM
NaCl, and 0.1% Tween-20, pH=7.7) for 2min, and imaged with ChemiDoc XRS +
System and Image-lab software. 10% Roti-Block (Roth, Karlsruhe, Germany) was
applied for 1h at RT. Membranes were incubated with primary antibodies (Table 13)
and placed on the shaker at 4°C. The next day, membranes were rinsed with TBST for
3 x 5min. Horseradish peroxidase-conjugated secondary antibodies (1:10000, anti-
rabbit or mouse IgG; Thermo Fisher Scientific, Germany) were applied and incubated

at RT for 1h. Membranes were rinsed with TBST for 3x5min afterward.

Name of the antibody Concentration Infomation

mouse anti-APP (22C11) 1:2000 #14-9749-82, Thermo Fisher
rabbit anti-BACE 1:2000 #5606S, Cell Signaling

rabbit anti-GAPDH 1:5000 PA1-987, Thermo Fisher Scientific
rabbit anti-nectin-1 1:2000 ab-66985, abcam

mouse anti-nectin-3 (H-11) 1:1000 sc-271611, Santa Cruz

rabbit anti-sAPPJ 1:2000 #813401, Biolegend

Table 13. Primary antibodies used in western blot.
Enhanced Chemiluminescence (ECL) detection imaging regent was well mixed with
1M Tris (pH=8.5, 2 ml), 30% H202 (6.1ul), p-Coumaric acid stock solution (89ul;
44.29mg in 1ml DMSO), Luminol stock solution (200ul; 44.29mg in 1mlI DMSO) and
18ml Milli-Q water. Membranes were placed in the ECL solution on a shaker for 1min.
Images were taken with ChemiDoc XRS + System (Bio-Rad, Germany) and Image-lab
software.
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After labeling of the lanes of one protein, the membrane was washed with TBST for
3x5min, rinsed with Stripping Buffer (#46430, Thermo Fisher Scientific, Germany) for

30min, and 3x5min more washes with TBST.

9. Enzyme-linked immunosorbent assay (ELISA)

The hippocampal mouse ABi42 levels were measured by an Elisa kit (KBM3441,
Invitrogen, Germany). The tissues of the hippocampus were collected, weighed,
homogenized with sufficient guanidine buffer (8x the sample weight), and incubated
for 4h at RT. Thereafter, samples were diluted four times with 0.1M PBS containing 1x
protease inhibitor cocktail. Finally, samples were centrifuged at 12,000x for 0.5h at 4°C.

The supernatant was collected.

Standards were prepared, and 100ul of each standard and sample was added to bind
the antigen of the appropriate wells. The plate was covered and put on the shake at
RT. 4h later, the solution was thoroughly aspirated. After washing, 100ul of the mouse
AB1-42 detection antibody was applied for incubation at RT for 1h. After four times wash,
another 100ul anti-rabbit IgG horseradish peroxidase (HRP) was applied and left on
the shake at RT for 0.5h. The solution was aspirated and washed thoroughly. A 100pl
stabilized chromogen was applied to each well for incubation at RT for 0.5h in darkness.
Finally, 100ul stop solution was applied. A microplate reader was used to read the

absorbance at 450nm. Results were presented as 100% of the control.

10. Quantitative real-time PCR (RT-PCR)

The hippocampus tissue was treated with an RNA extraction assay (RNeasy kit Qiagen,
Germany). Enough amount of RNA at 0.5-1ug was reversely transcribed. The analysis
was performed on a Rotor GeneQ. APP and 18S rRNA primer sets were used (Table

14).
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Primers Information (Metabion, Bayern, Germany)

APP sense primer 5"-GACCCGTCAGGGACCAAAAC-3’
antisense primer 5-AACGGTAAGGAATCACGATGTG-3’

18S rRNA sense primer 5"-GTAACCCGTTGAACCCCATT-3
antisense primer 5-CCATCCAATCGGTAGTAGCG-3

Table 14. Primer sets information.
The relative APP mRNA levels were measured by the cycle threshold (Ct) values. The
Ct values of the APP gene were normalized to that of the 18S rRNA gene. Data were
presented as fold change (=222, The relative mRNA levels were quantified with the
equations: ACt = Ct (APP) — Ct (18S rRNA), AACt = ACt (isoflurane/sevoflurane group)

- ACt (18S rRNA group).

11. Dendritic spines classification

Thyl-eGFP mice were used to quantify the spine morphology in the CA1 region. Right
after the experimental process, brain sections were collected, fixed (ice-cold 4% PFA,
24h), and cryoprotected (30% sucrose, 36h). A cryostat was used to cut the slices
further into 40pum thickness. Slices were washed with 1xPBS, transferred onto glass

slides, and coverslipped.

A confocal microscope (60x oil-immersion objective, Leica SP8, Germany) was used
to take images of dendritic segments from the stratum radiatum layer in CAl. The
interval z-stacks were at 0.3 ym. The length of the segments was between 20-80 um.
6—-8 dendrites per animal were analyzed (Leica Application Suite X software, Leica,

Germany).

Based on the morphology, dendritic spines were classified as thin, mushroom, and
stubby (Figure 27) (Harris KM & Jensen FE, 1992). The dendritic spine density was

showed as count of spines/10 um of dendrite.
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Category Shape Criteria

Branched >1head

Figure 27. Dendritic spines classes (Harris KM & Jensen FE, 1992).

12. Statistical analysis

GraphPad Prism 8 software was used to perform the statistics. The two-tailed unpaired
t test (homogeneity of variance was met) or two-tailed Mann-Whitney test
(homogeneity of variance was not met) was conducted for two groups analysis. One-
way analysis of variance (ANOVA) followed by Tukey’s post hoc multiple comparisons
was used for three or four groups analysis. Data were presented as mean +* standard

error of mean (SEM). P < 0.05 was used to show the statistical significance.
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Results

1. The sevoflurane-induced mAB1.42 increase was reversed by BACE inhibition

From the recent reports, it has been known that inhalational anesthetics may
upregulate BACE activity and increase AR synthesis (Dong et al., 2009). Here, the
mAR1-42 levels in the hippocampus were evaluated with or without BACE inhibition in
the presence of either anesthetic by means of ELISA. In agreement with previous
studies, sevoflurane at 1.4% for 1.5h treatment upregulated the mARi-42 levels in the
hippocampus (Figure 28b, P = 0.0134). In addition, inhibiting B-secretase activity

reversed the sevoflurane-induced elevation of mABi-42 in the hippocampus (Figure

28h).
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Figure 28. BACE inhibition reversed the increased mAi-42 levelsinduced by sevoflurane.

(A) No change of mAR1.42 levels in the hippocampus. (B) Sevoflurane upregulated hippocampal mAR:-
42 levels significantly (ctl vs. sevo: P = 0.0134). Pre-treatment of LY2886721 reversed the upregulated
mMARB1-42 levels (sevo vs. LY+sevo: P = 0.0034). (C) Xenon and LY2886721+xenon did not alternate
mAR1-42 levels. Tukey's test. Dots are equal to the animal number. *P < 0.05, **P < 0.01. AB: amyloid
beta, ctl: control, iso isoflurane, LY: LY2886721, sevo: sevoflurane, xe: xenon.

The expression levels of hippocampal mAB1-42 in the other groups were measured. No

alternations were observed (Figure 28 a, c).
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To test LY2886721 effects alone on mABi-42 levels, the hippocampal sections were
incubated with LY2886721 at 3uM for 2h. The hippocampal mAB1-42 levels were

decreased (Figure 29, P = 0.0286).
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Figure 29. BACE inhibitor LY2886721 partialy reduced hippocampal mAR1.42 levels.

Mouse Ai42 levels in the whole hippocampus were reduced after treatment with LY2886721 (P =
0.0286, Mann-Whitney test). *P < 0.05.

2. Abnormal potentiation and dendritic spine complexity in CA1 by mAQ1-42

The human AB1-42 was shown to impair CA1-LTP in a concentration-dependent manner
(Rammes, Hasenjager, Sroka-Saidi, Deussing, & Parsons, 2011). Here, the effects of
upregulated mABi-42 levels in the presence of sevoflurane on synaptic transmission
and spine morphology were assessed in CAl. Therefore, the extracellular recordings
and the alternations of spine density were evaluated in CA1 region. The data have
shown that incubation of the slices with mAB1-42 at a concentration of 50nM for 1.5h

blocked CAl-potentiation (Figure 30 e-f, P = 0.0081).

Next, the spine density of the apical pyramidal neurons in the CALl region was
evaluated. Results have shown that mAB1-42 exposure decreased thin and total spines

(Figure 30 g-h, thin: P = 0.0003, total: P = 0.0001).

49



Recording pipette
A Electrode 1 B C

Electrode 2 \

»

)Y
"

j{ 1 Thin
% Mushroom
AY /RN @& Stubby
D
HFS1 MAB .42 HFS2 Tissue collection
¥ in L 4 15h ¥ 1h L/
E F
*
5 2507 160
: T
2 £
8 2004 2 1404
S 3
2 o
S 150- 2 120
g u
§_ s
> 100 QREEREED & 1004
o * o
7] -
o HFS ( 100Hz, 1s) -
¥ 50 v v 80 S
0 10 20 30 40 50 60 70 80 c mAB.s
Time (min)
G H
20- ¥k k
3% O citl

> O mAB44
8

-
(3]
1

* k%

.

Thin  Mushroom Stubby Total

]
1

Dendritic spine density (10um)
-
=)
1

Figure 30. Mouse AB1-42 blocked potentiation and reduced CA1-spine complexity.

(A) Diagram of sagittal hippocampal slices. Two bipolar stimulation electrodes were used to trigger the
antegrade or retrograde high-frequency stimulation (HFS, 100Hz, 1s). Between the two electrodes, the
recording pipette was placed. (B) Schematic showing a pyramidal neuron in the CA1 region. (C) In CAl
pyramidal neurons, three types of spines were categorized. (D) Design of the experiment. (E) fEPSP
values were normalized as 100% of the control. (F) Mouse AB1-42 attenuated potentiation (P = 0.0081).
(G) Enhanced GFP images showing the apical dendritic segments of the CA1 neurons. Scale bar = 2
pum. (H) mAB1-42 decreased spine density (thin: P = 0.0003; total: P = 0.0001). t test. *P < 0.05, **P <
0.001.
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3. Spine elimination by sevoflurane was partly restored by BACE inhibition
Previous studies reported that isoflurane and sevoflurane decreased the hippocampal
dendritic spine density (Tang et al., 2018). Here, | tested further the equivalent

concentration of either anesthetic effects on dendritic spine dynamics in the CA1 region.

Figure 31 showed that isoflurane reduced thin (Figure 31d, P = 0.0006) and total
(Figure 319, P = 0.0012) dendritic spine density. However, The LY2886721+isoflurane

did not reverse the deficits (Figure 31d, P = 0.0036; 31g, P = 0.0095) in CAL1 region.
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Figure 31. No alternations of dendritic spine density by xenon exposure, and inhibition of BACE

partically restored only the sevoflurane-induced spine loss.
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(A-C) Schmatic showing the dendritic segments. Scale bars = 2 um. (D) A reduction of thin spines by
isoflurane(P = 0.0006), sevoflurane (P = 0.0066), but not xenon. (E and F) The density of stubby and
mushroom spines was not changed among groups. (G) In the presence of isoflurane (P = 0.0012) and
sevoflurane (P = 0.0370), the total spines were markedly reduced. In contrast, xenon did not change
the total spine density. Moreover, LY2886721 partially reversed the dysfunction only from sevoflurane
(ctl vs. LY+iso: P = 0.0095; ctl vs. LY+sevo: P = 0.6194). (D-G) No change of spines under xenon or
LY2886721+xenon. Tukey’s test. *P < 0.05, **P < 0.01, ***P < 0.001.

Sevoflurane exposure reduced thin (Figure 31d, P = 0.0066) and total dendritic spines
(Figure 31g, P = 0.0370). In addition, | evaluated the effects of pre-treatment with
LY2886721 during sevoflurane anesthesia on spine dynamics. Results have shown
that inhibition of BACE partially restored the dysfunction of sevoflurane on dendritic

spine density (Figure 31d, P = 0.1351; 31g, P = 0.6194).

Xenon was shown as a neuroprotective gas anesthetic (Breuer et al., 2015; Esencan
et al., 2013). In this thesis, | applied the equipotent concentration of xenon in
comparison with isoflurane and sevoflurane. Results demonstrated that xenon and

LY2886721+xenon did not affect spine morphology in the CA1 region (Figure 31 d-g).

The above data indicate that isoflurane or sevoflurane reduced dendritic spines,
including thin and total spines, density. Only the sevoflurane-induced spine elimination
was able to be partly reversed. In comparison, xenon as well as co-treatment with the

BACE inhibitor did not affect dendritic spines.

4. Reduced CAl-nectin-3 expressions were reversed by BACE inhibition

Numerous reports have shown that the cell adhesion molecules are fundamental for
neuronal connectivity and communication. The disruption of the cell adhesion may
induce structural and functional abnormalities, which can trigger neurodegenerative
disorders, such as AD (Giagtzoglou, Ly, & Bellen, 2009; Shapiro, Love, & Colman,

2007). Nectin-3 primarily locates on the postsynaptic site. It forms heterophilic
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adhesion with the presynaptic protein nectin-1. Nectin-1 and -3 complex have been

implicated in hippocampus-related and -dependent cognition (X. X. Wang et al., 2017).

| first quantified the hippocampal nectin-3 expressions by western blot. No alternations
were detected between groups (Figure 32 a and c¢). By means of
immunohistochemistry, | quantified nectin-3 levels in the subregions of the
hippocampus (Figure 32b), and found that sevoflurane significantly reduced nectin-3,

particularly in CA1 region (P = 0.0205).
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Figure 32. BACE inhibition restored the reduction of nectin-3 in CA1 by sevoflurane.
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(A) Representative bands by western blot showing the nectin-3 expressions. (B) Nectin-3
immunoreactive images. (C) Nectin-3 expressions were not changed. (D) Nectin-3 levels under
isoflurane and LY2886721+isoflurane. (E) Reduced CA1-nectin-3 levels (P = 0.0205, Tukey’s test) were
returned to normal by pre-treatment with LY2886721. Scale bar = 200 um. *P < 0.05.

Next, | measured as well the nectin-3 expressions in the other subregions of the
hippocampus. Data have shown the CA3-nectin-3 protein expressions in

LY2886721+sevoflurane group were downregulated (Figure 33b, P = 0.0153).
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Figure 33. Nectin-3 expressions in regions of DG, CA3, and HC.
(A) No alternations of nectin-3 protein. (B) LY2886721+sevoflurane reduced nectin-3 expressions in
CA3 region (P = 0.0153). DG, dentate gyrus. HC, hippocampus. Tukey’s test. *P < 0.05, **P < 0.01.

5. Nectin-3 knockdown in CAl impaired potentiation and reduced spine counts
Next, a strategy of nectin-3 knockdown in CA1 by AAV was performed to mimic the
downregulation effects of CAl-nectin-3 by sevoflurane. Thereafter, the CAl-nectin-3

decrease effects on LTP and spine density were investigated (Figure 34).

Fourteen days after the microinjection, | performed LTP with the virus-treated
hippocampal slices. Measuring the last 10min of fEPSPs showed the impaired CAl-
potentiation under nectin-3 knockdown (Figure 34 b-c, P = 0.0089). The transinfection
of the virus was shown by immunofluorescence (Figure 34d). Besides, the
downregulation efficiency of CAl-nectin-3 was validated by immunohistochemistry
(Figure 34 e-f; P = 0.0399). Furthermore, the nectin-3 levels in other regions remain

unchanged (Figure 34 f-g).
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Downregulation of CAl-nectin-3 reduced total spine counts (Figure 34i, P = 0.0253),

especially thin-type ones (Figure 34i, P = 0.0241).
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Figure 34. Attenuated LTP and reduced dendritic spines density under nectin-3 downregulation in CA1.
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(A) Experimental timeline. (B) LTP curves showed the normalized fEPSP of control and knockdown
groups. (C) Attenuated potentiation (P = 0.0089) under nectin-3 reduction. (D) Validation of infection
area of the AAV virus by enhanced GFP staining. Scale bar = 200 um. (E) Immunohistochemistry images
showing nectin-3 staining. (F) CAl-nectin-3 levels were downregulated in the knockdown group (P =

0.0415). Meanwhile, nectin-3 expressions in other regions remained unchanged. Scale bars = 200 um.
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(H) Dendritic spine segments. Scale bar = 2 pm. (I) Reduced thin (P = 0.0241) and total spines (P =
0.0253) in the CAL region in nectin-3 knockdown group. t test. *P < 0.05, **P < 0.01.

Additionally, there were no significant changes in APP, sAPP, or BACE levels in the

nectin-3 knockdown group via the western blot analysis (Figure 35).
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Figure 35. Nectin-3 knockdown in the CA1 region did not alternate hippocampal APP, sAPPf3, or BACE.
(A) Western blot bands of all groups. (B-D) Normalized molecular levels in the hippocampus. *P < 0.05,
**P < 0.01.

The above data suggest that nectin-3 plays a role in the abnormal synaptic plasticity

caused by sevoflurane in CA1 region.

6. Regulation of APP processing-related molecules in hippocampus

The APP-amyloidogenic-process-related molecule expressions in the hippocampus
were quantified via western blot (Figure 36). | found that the APP levels either in
LY2886721+isoflurane/sevoflurane downregulated APP levels in comparison with the
isoflurane/sevoflurane group (Figure 36c¢, iso vs. LY+iso: P =0.0238; sevo vs. LY+sevo

P = 0.0225).

In addition, | measured the hippocampal sAPP and BACE expressions. No changes
were detected (Figure 36c¢, d). Besides, APP expressions trended to be increased in
the whole hippocampus by isoflurane/sevoflurane exposure. Further RT-PCR revealed
that in the hippocampus, sevoflurane significantly elevated the APP mRNA levels

(Figure 36h, P = 0.0325).
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Figure 36. APP-amyloidogenic-process related molecular changes in hippocampus.
(A) Representative bands of all groups. (B-D) Hippocampal protein levels. (B) LY+iso and
LY+sevo decreased APP levels compared with the isoflurane (P = 0.0238) or sevoflurane (P
= 0.0225) application alone group. (C-D) No change of sAPP3 and BACE expressions. (E-G)
CA1-APP expressions. LY+sevo decreased APP levels in comparison with the sevoflurane
application group (P = 0.0421, Tukey’s test). (H) The hippocampal mRNA levels of APP were
elevated by sevoflurane (P = 0.0325, t test). *P < 0.05.

Further immunohistochemistry methods were performed to detect APP levels either in
DG, CAl, or CA3. Compared with the sevoflurane group, CA1-APP levels were
decreased by treatment with LY2886721+sevoflurane (Figure 36g, P = 0.042). A pre-
incubation with LY2886721, along with either isoflurane or sevoflurane, evoked a

reduction of APP expressions in CA3 and HC dramatically compared with the
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isoflurane or sevoflurane alone group (Figure 37, iso vs. LY+iso - CA3: P = 0.006, HC:

P =0.038; sevo vs. LY+sevo - CA3: P =0.002, HC: P = 0.041).
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Figure 37. Expression levels of APP in either DG, CA3, or HC.

(A) Compared with isoflurane group, LY+iso decreased APP levels either in CA3 (P = 0.006) or the
whole HC (P = 0.038). (B) APP levels in LY+sevoflurane were decreased in the CA3 region compared
with ctl group (P = 0.032). Moreover, in comparison with the sevoflurane group, either in CA3 (P = 0.002)
or the whole hippocampus (P = 0.041). Tukey’s test. *P < 0.05, **P < 0.01.

To make sure that LY2886721 treatment alone did not alternate APP expressions,
western blot and immunohistochemistry were conducted. No alternations of APP

protein levels were detected (Figure 38).
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Figure 38. APP levels were not changed by BACE inhibition via western blot and immunohistochemistry.
Scale bar = 200 um. *P < 0.05.
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7. Co-stainings of APP and nectin-3

Reports have indicated that APP adjacents cells to support dendritic spines
maintenance and synaptic plasticity (Schilling et al., 2017). Surprisingly, co-localization
of APP and nectin-3 were observed in the present thesis (Figure 39). Further detailed
APP and nectin-3 expression patterns of the subregions in CA1 were shown in Figure
39 a-c. Compared with control conditions, LY2886721+sevoflurane reduced the

percentage of APP and nectin-3 colocalizations in CA1 (Figure 39e, P = 0.010).
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Figure 39. Co-stainings of APP and nectin-3 in CALl.
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Colocalizations of the two molecules in the SO (A), SP (B), and SLM (C) regions in CAl. (D-F) Co-
staining percentage of APP and nectin-3 proteins of all groups in CA1 region. Compared with the control
group, LY+sevo decreased the colocalizational percentage of APP and nectin-3 (E, P =0.0104). Tukey’s
test. Scale bars = 10 or 1 um. *P < 0.05.

8. Isoflurane, sevoflurane, and xenon attenuated LTP dramatically

The above observations, including increased mA1-42 levels, abnormal spine counts,
as well as aberrant cell adhesions, might alternate synaptic signal transmission. In
addition, our work showed previously the anesthetic isoflurane-, sevoflurane- or xenon-
induced synaptic transmission and CAl-potentiation deficits (Haseneder et al., 2009;

Kratzer. et al., 2012). Next, | investigated whether and how the equivalent

concentrations of the three inhalational anesthetics may affect CAl-potentiation.
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Figure 40. BACE inhibition partially reversed the LTP deficits induced only by sevoflurane.
Stable potentiation was maintained by the BACE inhibitor exposure, but not by the presence of either

isoflurane, sevoflurane, or xenon (A and B, D and E, G and H). Sevoflurane abolished LTP (P < 0.0001),
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which was partly reversed by BACE inhibition (LY vs. LY+sevo: P = 0.0132, sevo vs. LY+sevo: P =
0.0005; Tukey’s test). This was further verified by the difference of the fEPSP slopes (F, P = 0.0229, t
test). A pre-application with LY2886721 at 3uM for 2h did not reverse isoflurane or xenon-induced
potentiation deficits. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Therefore, | treated the brain slices with either 0.6% isoflurane, 1.4% sevoflurane, or
65% xenon for 1.5h. fEPSP slopes were markedly reduced during 50-60min of the LTP
recordings in comparison with the control conditions (Figure 40b, ctl vs. iso: P = 0.0026;

40e, ctl vs. sevo: P <0.0001; 40h, ctl vs. Xe: P = 0.0006).

The above data indicate that the equipotent application of either isoflurane, sevoflurane,

or xenon abolished LTP.

9. BACE inhibition partially reversed the LTP deficits induced by sevoflurane
The above findings suggested that BACE inhibition partly restored the dysfunction of
both isoflurane and sevoflurane. Next, | evaluated whether and how BACE inhibition

may affect the attenuated LTP induced by an either inhalational anesthetic.

In the first step, | incubated the slices with LY2886721 at 3uM for 2h and tested its
effects on fEPSPs to know whether the BACE inhibitor would affect CAl-potentiation.
Results have demonstrated that BACE inhibition exhibited no effects on LTP (Figure
41c, P = 0.5234).
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Figure 41. Beta-secretase inhibitor LY2886721 exposure did not block LTP.
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(A) Experimental timeline. (B) Normalized fEPSP values of two groups. (C) Stable potentiation by LY

treatment. *P < 0.05.

In the second step, | treated the hippocampal slices with LY2886721 for 2h. Afterward,
either isoflurane, sevoflurane, or xenon at equivalent concentrations were applied for
1.5h. Data showed that the CAL1-LTP deficits induced by sevoflurane were partly
restored (Figure 40b, P = 0.4282). This was verified by the differences between the
control - sevoflurane and LY2886721 - LY2886721+sevoflurane groups (Figure 40f, P
= 0.0229). In contrast, the LTP deficits were not able to be reversed in other groups

(Figure 40e, P = 0.0005; 40h, P = 0.9823).

The above data demonstrated that only sevoflurane anesthesia-induced potentiation

deficits were partly restored by inhibition of BACE.
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Discussion

This thesis has shown that sevoflurane induced an upregulation of mAB142, a
downregulation of nectin-3, abnormal APP-processing-related molecules, and a loss
of dendritic spines. Moreover, isoflurane mildly decreased dendritic spine density and
modulated APP processing. In comparison, xenon did not alternate dendritic spine
density or synaptic connectivity, although it abolished potentiation. In addition, the
deficits induced by sevoflurane were partly restored by the inhibition of BACE. These
findings indicate that the inhalational anesthetics may interfere with synaptic

connectivity and BACE activity.

Morphologically, the CA3 pyramidal neurons synapse via the Schaffer collaterals
pathway to the CAl-pyramidal neurons. At the same time, these pyramidal neurons
synapse to the subiculum region in CAl. Aberrant trisynaptic connections in the
hippocampus potentially induces synaptic transmission deficits (Basu & Siegelbaum,
2015). In neuroscience, the CAl-potentiation is critical for evaluating hippocampal

synaptic strength and transmission (Buerge et al., 2019).

On the dendrites of the pyramidal neurons in CA1, numerous spiny protrusions called
dendritic spines are present. Spines are able to segregate and integrate electrical and
chemical signals on synapses (Volfovsky, Parnas, Segal, & Korkotian, 1999), thus
providing fundamental functional structures for synaptic transmission and plasticity.
The functions of dendritic spines have been studied for decades. However, it remains
unclear regarding the exact function of each spine type. Till now the widely accepted
opinion in neuroscience is that compared with the other short-necked spines, the long-

necked thin type spines exhibit a shorter latency as well as slower decay kinetics of
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the cation Ca?* response (Hering & Sheng, 2001; Korkotian & Segal, 2000; Majewska,

Brown, Ross, & Yuste, 2000; Volfovsky et al., 1999).

The BACE inhibitor LY2886721 was used in the present thesis to suppress BACE
activity, therefore decreasing the synthesis rate of mouse ABi42. As a selective
inhibitor of BACE, LY2886721 does not affect other aspartyl proteases (May et al.,
2015). Reports have shown that LY2886721 could reduce the deposition of AB1-40 and
AB1-42 in rodents as well as humans (May et al., 2015). Consistently, our work has

proven that LY2886721 decreased hippocampal mouse AB1-42 levels.

Previous work has shown that sevoflurane anesthesia increased human AB1-42 levels
(Dong et al., 2009). This is in line with our finding that sevoflurane elevated mAB1-42 in
a murine brain slice model. Our additional experiments in this thesis showed that mAR:-
42 treatment induced dendritic spine loss as well as CAl-potentiation abolishments.
The elevated mAB1-42 could probably be the reason why reduced dendritic spines,
particularly thin type spines, and attenuated CA1-LTP by sevoflurane anesthesia were

observed.

The abnormal proteolysis process of APP may hamper synaptic connection and
plasticity (O'Brien & Wong, 2011; Thinakaran & Koo, 2008). In this thesis, an elevation
of APP mRNA levels as well as a tendency of elevated hippocampal APP expressions
by sevoflurane exposure were observed. Moreover, in the AR generation process,
BACE is accepted as the enzyme that limits the rate of the amyloidogenic pathway.
The observed elevated AR synthesis by sevoflurane suggests that the activity of 3
secretase is enhanced, which may evoke synapse elimination as well as CAl-
potentiation deficits. However, new investigations are required in the future to evaluate
the alternation of BACE activity at higher concentrations (for example, at one MAC odent)

of sevoflurane exposure (E. I. I. Eger, 2001).
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The post-synaptic nectin-3 is fundamental to synaptic plasticity and memory (X. D.
Wang et al., 2013). Nectin-3 expressions reduction in the hippocampus evokes spine
elimination as well as cognitive dysfunction (R. Liu et al., 2019; X. D. Wang et al., 2013;

X. X. Wang et al., 2017).

This thesis showed that sevoflurane induced downregulation of nectin-3 expressions,
a reduction of CAl-dendritic spines, and an abolishment of CAl-potentiation. A
downregulation strategy of nectin-3 with AAV was performed to mimic the nectin-3
reduction in CA1 neurons. Intriguingly, nectin-3 dysfunction by AAV produced deficits
likewise. Since in the knockdown group, dendritic spine density was decreased and
CAl-potentiation was abolished. These findings above indicate that the deficits in LTP
and spine morphology by sevoflurane exposure might be partially attributed to nectin-

3 downregulation.

From the findings above, ie. the aberrant AB1-42 synthesis, nectin-3 expressions, APP
proteolysis process, and spine density, at MAC-awakemouse, sSevoflurane is already able
to modulate the potentiation in CAL. Additionally, inhibition of BACE partially reversed
the abnormal molecular expression patterns and potentiation. These above results
indicate that sevoflurane may modulate synapse dynamics and synaptic transmission

in a BACE-dependent manner.

Consistent with the previous work, the reduction of spine density and the abolishment
of CAl-potentiation by isoflurane were confirmed here in the present thesis (Platholi,
Herold, Hemmings, & Halpain, 2014). In comparison with sevoflurane, isoflurane
treatment also evoked a dramatic spine, particularly thin type, loss in CA1. Dendritic
spines provide essential morphological structures for synaptic function. The reduction
of dendritic spine numbers could be the reason why the impaired CAl-potentiation

under isoflurane exposure was obtained.
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The abnormal regulations of APP processing by isoflurane have been shown earlier.
These include elevated APP mRNA levels, amyloid deposits as well as BACE protein
levels (Dong et al., 2009; B. Liu et al., 2017; Xie et al., 2008; S. Zhang et al., 2017). In
contrast, isoflurane exposure exhibited no effects on hippocampal sAPPJ levels.
Further immunohistochemistry results have shown that isoflurane anesthesia tended
to increase APP expressions in CA3 as well as the hippocampus. These observations
were reversed by inhibition of BACE activity. The above results indicate that isoflurane
treatment moderately alternates the amyloidogenic process of APP molecule in the
hippocampus. However, it should be taken into consideration that | only applied low
concentrations of isoflurane at MAC-awakemouse (30%—-40% of MAC value) (Aranake

et al., 2013; Dwyer et al., 1992; E. I. |. Eger, 2001) (see discussion below).

However, it is noticeable that isoflurane exposure did not enhance AB production. This
is not in line with previous reports showing that isoflurane increased AR levels (Xie et
al., 2007b). Considering the relatively low concentrations of isoflurane applied, |
assume that a more prominent change of AR deposition would be obtained if | elevated
the isoflurane concentration to one MACrodent Or higher. This would also be the possible
reason why nectin-3 levels were not alternated under isoflurane treatment. Even
though in this thesis, isoflurane did not change AP or nectin-3 levels, it induced
dendritic spine elimination and CAl-potentiation deficits. | hereby assume that
isoflurane anesthesia affects dendritic spine dynamics by 1) alternating ion channel
functions; 2) changing synapse receptors sensitivity; 3) evoking neuronal apoptosis; 4)

triggering a series of neuroinflammation.

It is also noticeable that the BACE inhibitor LY2886721 did not produce a reversal of
the decrease of dendritic spine density as well as CAl-potentiation deficits when

isoflurane has been applied. In contrast, those detrimental impairments induced by
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sevoflurane were able to be partially restored by co-application of LY2886721 and
sevoflurane. Previous work has shown that isoflurane and sevoflurane evoked similar
changes in apoptosis and neural activities (Istaphanous et al., 2013). However, in the
present thesis they exhibited different effects, ie. the abnormalities caused by
isoflurane were not as easily reversible as sevoflurane. Chemically, isoflurane and
sevoflurane both belong to ethers. But they differ in various aspects, for example,
sevoflurane has a unique polyfluorinated methyl-isopropyl structure, thus it has more
rapid pharmacokinetics than isoflurane. Besides, sevoflurane exhibits fewer organo-
toxic effects (Behne, Wilke, & Harder, 1999). Further studies are therefore needed to
further clarify the possible mechanisms regarding the different actions of isoflurane and

sevoflurane.

In comparison, even though the gaseous anesthetic xenon attenuated LTP, it did not
change the CAl-dendritic spine count in the present thesis. The observed impaired
potentiation was also reported by previous studies (Kratzer. et al., 2012). They showed
that xenon exposure antagonized potentiation probably by modulation of NMDA
receptors. Furthermore, xenon treatment alone and LY2886721+xenon obtained
unchanged APP processing, nectin-3 levels, and spine density in the hippocampus. Al

these above indicate that xenon is neuroprotective to the hippocampus.

Importantly, in the present thesis, | adjusted the concentrations of anesthetics
isoflurane, sevoflurane, and xenon to be equipotent. The MAC odent Value for xenon is
at 161 atm, which is hyperbaric (Koblin et al., 1998). Previous work has demonstrated
that the maximum feasible concentration for xenon in the brain section incubation
experiments is up to 65% (Mattusch et al., 2015). This is why | applied here the
equipotent concentration of both isoflurane (0.6%) and sevoflurane(1.4%) as xenon for

a better comparison. The above-mentioned concentrations are near to MACawake
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(Aranake et al., 2013; E. I. I. Eger, 2001). Statistically, the MACawake is around 33% of
the MAC value for the anesthetic isoflurane and sevoflurane (Aranake et al., 2013;

Dwyer et al., 1992; E. I. I. Eger, 2001).

It should be paying attention that | applied in the present thesis very low concentrations
of both anesthetics isoflurane and sevoflurane. Moreover, the application of the two
anesthetics was relatively short. This is different from previous reports with higher
anesthesia concentrations and longer exposure time (Dong et al., 2011, Jiang & Jiang,
2015; B. Liu et al., 2017; Xie et al., 2008; S. Zhang et al., 2017). This might be the
reason why | obtained moderate alternations induced by both isoflurane and

sevoflurane.

It is noticeable that subclinical concentrations of both anesthetics negatively affected
hippocampal synaptic plasticity by enhanced AB1-42-related procedures in the present
thesis. As in agreement with previous reports, the equipotent application of either
anesthetic at MAC value hampered CA1l-potentiation in brain sections in a similar way
(Kratzer. et al., 2012). | applied here very low concentrations of anesthetics. Therefore,
| propose a more pronounced potentiation blockage if | elevated the anesthetic
concentrations to 1 MAC for the rodent. It is therefore reasonable that if | applied
MACrdent cOncentrations of either anesthetic, a more prominent alternation in
molecular expressions as well as synaptic morphologies involved in those procedures
would be obtained. Interestingly, previous studies have shown that both isoflurane-
and xenon-induced CA1-LTP deficits were able to be reversed after the remove of the
anesthetic itself (Haseneder et al., 2009; Simon, Hapfelmeier, Kochs,

Zieglgaensberger, & Rammes, 2001).

In addition, exposure of both anesthesia by isoflurane and sevoflurane might change

other pathophysiological processes, for example, autophagy (Ye & Zuo, 2017). This
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may be the reason why the negative effects under sevoflurane treatment, including the
abnormal molecular levels, dendritic spines, and CAl-potentiation, were partially
reversible by BACE inhibition. Besides, | observed in the present thesis a wider
modification by inhibiting BACE. For instance, co-application of sevoflurane and
LY2886721 decreased 1) expressions of APP and nectin-3 in CA3; 2) co-stainings of
APP and nectin-3 in CAl. These observations might attribute to the pleiotropic

functions of BACE (Parsons & Rammes, 2017).

The essential role of the post-synaptic molecule nectin-3 in the maintenance of
neuronal morphologies and functions has been reported by previous studies. A
downregulation strategy of nectin-3 expressions hampers learning and memory. These
detrimental effects are due to spine elimination by nectin-3 reduction (X. D. Wang et
al., 2013). The present thesis showed further that nectin-3 downregulation specifically
in CAl abolished potentiation as well as reduced spine density. It is therefore
reasonable that nectin-3 is also essential for the maintenance of the CAl-neuronal
morphologies and functions. The above observations suggest that nectin-3 is
fundamental to the dendritic spine dynamics as well as synaptic connection in the

hippocampus.

Surprisingly, in CA1, a co-expression pattern of APP and nectin-3 was observed. It still
needs additional investigations to better understand the mechanisms regarding the co-

expressions and their regulatory factors.

Taken together, the present thesis have shown that sevoflurane anesthesia elevated
AB1-42 production, decreased nectin-3 expressions, and therefore reduced spine count
and abolished CAl-potentiation. Moreover, isoflurane anesthesia decreased dendritic

spines and blocked CAl-potentiation. Even though xenon exposure attenuated CA1-
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potentiation, it did not alternate the APP proteolysis process nor spine dynamics in the

hippocampus.

In conclusion, this thesis suggests that the inhalational anesthetic sevoflurane is
fundamental for maintaining the molecule expressions, synapse morphologies, and
synaptic functions in the CA1 region. In addition, inhibition of BACE patrtially reversed
the synaptic impairments evoked by sevoflurane anesthesia. These suggest that the
detrimental effects of sevoflurane on the pathophysiology of AD is therefore predictable.
In comparison, isoflurane produces pronounced dysfunction of potentiation, however,
it only mildly affects the mentioned molecule levels and synaptic morphology. In

contrast, xenon exhibits a neuroprotective mechanism in the hippocampus.

The present thesis unraveled how the three widely applied inhalational anesthetics on
modifying the CAl-synaptic plasticity as well as spine density, and further indicates
BACE might be a new target for modulating the cognition impairments produced by

inhalational anesthesia.
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