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Abstract

General anaesthesia can cause an altered mental status,
particularly in elderly patients. While these changes usually represent
a temporary, reversible delirium, there is growing, but still inconclusive
evidence that suggests isoflurane can induce changes to key
neurodegenerative proteins such as the amyloid precursor protein and
its processed fragment, amyloid beta peptide. To further characterize
the conditions under which such changes may take place, we have
undertaken a preliminary study in which 17-month-old C57/Blé mice
were exposed to two anaesthetic regimens. One cohort was treated
with 1% isoflurane for 6 hours (acute); the second cohort was freated
with 1.4% isoflurane for 2 hours per day for five consecutive days
(chronic). Brain homogenates were analysed by western blotting. An
acute exposure significantly altered processing of full-length amyloid
precursor protein with a reduction in its soluble levels (-22%, p<0.05),
while there was a concomitant increase in levels of its processed
fragments; 81% (p<0.05) for a 60 kDa fragment and 32% (p<0.05) for a
40 kDa fragment. There were fewer effects from a chronic exposure,
with  membrane levels of amyloid precursor protein decreasing
(-17%. p<0.05). These findings suggest that an acute exposure to
isoflurane can lead to in vivo changes to key pathways involved in the
development of Alzheimer's disease.

Introduction

General anaesthesia may give rise to post-operative cognitive
dysfunction and/or be a precursor to the development or progression
of neurodegenerative processes such as Alzheimer’s disease (AD) [1-
3]. Whilst early clinical studies failed to establish such a relationship
[4-12], they were confounded by variations in the type and duration
of anaesthesia. More recent studies have continued to interrogate this
apparent interaction. Indeed, a prospective, randomized parallel-
group study revealed that, two years after sevoflurane anaesthesia,
there was acceleration in the transition of individuals from amnestic
mild cognitive impairment (aMCI) to progressive MCI, although
there was no change in the number of individuals converting to
AD [13]. In contrast, an examination of a much larger cohort of
patient records from the Taiwan National Health Insurance Research
Database revealed that individuals that underwent anaesthesia
had an increased risk of developing dementia (hazard ratio=1.99;
including diagnoses of “presenile dementia”, “senile dementia”
and “Alzheimer’s dementia”) [14], and this was specific to general
anaesthesia, as opposed to heavy sedation [15]. There continues,
therefore, to be debate in the field around this issue, and around the
potential mechanisms by which anaesthetics may contribute to the
pathophysiology of AD (for a review, see [16]). This has prompted
ongoing research at the basic science level.

Preclinical studies have been guided by one of the most popular
theories on the causation of AD, the amyloid cascade hypothesis,
which whilst vigorously debated [17], states that it is the increased
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generation of Amyloid-p peptide (AP) derived from Amyloid
Precursor Protein (APP) that leads to AD [18]. In this regard,
isoflurane has been shown to increase AP secretion in vitro [19-21],
but there are conflicting findings in mice with both increases and
decreases in AP demonstrated [22-24]. Likewise, isoflurane’s effect on
APP is also unclear with in vitro and in vivo studies showing either no
change, or decreased levels of APP [20,22,25,26]. In normal aged rats
isoflurane anaesthesia (1.5% in 100% oxygen for up to four hours) has
been shown to result in impairments in performance in the Morris
water maze (a task designed to test spatial learning and memory),
concomitant with ultra structural alterations to the blood brain
barrier and a reduction in expression of the tight junction protein
occludin [27]. At a biochemical level this cognitive deficit may be
mediated via an isoflurane-dependent alteration to calcineurin,
which is known to be involved in long-term potentiation, synaptic
plasticity and a host of other relevant downstream pathways [28] and
which may be a target for AD therapeutics [29]. This also provides a
link to AD and cognition, as calcineurin substrates include relevant
targets such as GSK38, CREB and CaMK II.

As aged and otherwise healthy mice, which may better represent
the patient population at risk from isoflurane exposure, have not been
extensively interrogated, we sought to do this here. Specifically, we
have compared the effects of both an acute (6 hours) and chronic (2
hrs/day for 5 days) isoflurane exposure on the processing of APP (in
different cellular fractions) in aged (17-months) C57/Bl6 mice.

Materials and Methods
Mice

Animal experiments were approved by the Howard Florey
Animal Ethics Committee and were conducted in accordance with
the Australian Code of Practice for the care and use of animals for
scientific purposes as described by the National Health and Medical
Research Council of Australia. Aged (17 months old) female C57/Bl6
mice (Animal Resources Centre, Western Australia) were randomly
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assigned to three experimental groups: Control group (C; n=3) with
no isoflurane exposure; Acute exposure group (6H; n=4), one six
hour exposure to isoflurane, and a chronic exposure group with 5
days of isoflurane exposure (2 hours per day: 5D; n=4). This strain of
mice was chosen because it is one of the most ubiquitous lines used
in rodent research, thereby facilitating the ability to place our work
within the context of the literature. Female mice were used because
the majority of our own work in rodents has utilised this gender,
thereby allowing us to again place this work in the context of our
own studies in wild type and APP transgenic animals. Whilst the
animal numbers are small, and indicative of the preliminary nature
of this work, a power analysis does support the use of as few as n=3
mice/group (power=0.93, alpha=0.05) to detect a relevant difference.
However, larger cohort sizes should be utilised in subsequent studies.
All mice were killed immediately after the last anaesthetic exposure
by decapitation, then the two hemispheres of brain frozen separately
on dry ice and then stored at -80 °C.

Anaesthesia protocol

Mice were anaesthetized in a common induction chamber (thus
helping to control any variables inherent in the experimental design),
which was kept at a temperature of 32 °C, with an average isoflurane
concentration of 1% (vv') for the acute group and 1.4% (vv') for
the chronic group, the isoflurane was carried by 100% oxygen
(delivered via a standard calibrated anaesthetic vaporiser). The use
of pure oxygen ventilation for general anaesthesia (with broadly
noted durations of either <1.5 hours or >1.5 hours) is in clinical
practice and is associated with decreased: incidence of post-operative

hypoxic events; mortality; infections and nausea and vomiting [30].
The anaesthetic durations were chosen to allow comparison to work
done by others in in vitro and in vivo settings. Once anaesthetized,
mice were repositioned onto their sides to promote a patent airway.
Surgical anaesthesia was confirmed by the absence of flexor responses.

Brain tissue

The different homogenisation methods are shown in Figure
1. The left hemispheres (Protocol 1) were weighed and 1 mL tissue
buffer (1xPBS, 1%(vv') Triton X-100 (TX100), plus EDTA free
protease inhibitor cocktail and phosphatase inhibitors I and II (both
at 1:50,000) was added before homogenisation with 7 mm stainless
steel balls in 2 mL tubes for 3 minutes (Tissue Lyser II, Retsch) to
give a TX100 total homogenate (fraction 1) that was stored at -80 °C
after being snap frozen on liquid nitrogen. Portions of TX100 total
homogenate (500 pL) were centrifuged (100,000xg for 30 minutes
at 4 °C), their pellets discarded, and the “TX100 soluble’ (fraction 2)
stored at -80 °C after being snap frozen on liquid nitrogen.

The right hemispheres (Protocol 2) were weighed and 1 mL tissue
buffer (1xPBS plus EDTA free protease inhibitor cocktail) added and
the mixture homogenized by sonication (Branson Sonifier 450) for 20
seconds on ice. The homogenate was centrifuged (100,000xg for 30
minutes at 4 °C) and the supernatant stored as the ‘soluble’ (fraction
1). The resultant pellet was re-suspended in 1 mL tissue buffer and
again homogenized by sonication and centrifuged as before with the
supernatant being stored as the ‘wash’ (fraction 2). The resultant pellet
was re-suspended in Na,CO, (100 mM pH 11) by pipette and again
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Figure 1: Schema showing homogenisation and sub-fractionation protocols.
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A TX100 based homogenisation method (Protocol 1) was used to generate a homogenate that contained a brain’s total protein makeup, irrespective of sub
cellular location. This fraction was centrifuged, and due to the presence of TX100, the resultant supernatant contained both soluble and membrane proteins. This
soluble TX100 fraction had a protein makeup equivalent to four of the PBS-based homogenisation (Protocol 2) fractions including the soluble, wash, Na,CO,, and

membrane fractions.
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centrifuged to give a supernatant stored as the ‘Na,CO,’ (fraction 3).
The resultant pellet was re-suspended in urea (7 M), thio urea (2 M),
SDS (4%), bicine (30 mM, pH 8.5) and centrifuged as before with
the supernatant being stored as the ‘membrane’ (fraction 4). The
pellet was re-suspended in the original tissue buffer and termed the
‘insoluble’ (fraction 5). All fractions were stored at -80 °C. Protein
concentrations were determined by BCA (Thermo Scientific Pierce).

Western immunoblots

Equal volumes of homogenate fractions were run on western
blots. Unless otherwise stated, antibody, blocking mixtures, and
rinses were prepared in 1xTBST pH 8.0; blocking and incubations
were at room temperature. These are all standard laboratory methods
that have been extensively published, and which we utilise in most of
our own published work [31,32].

NuPAGE*Novex® 4-12% Bis-Tris Midi Gels (Invitrogen) were
run as per the manufacturer’s protocol, but with a final concentration
of 4xNuPAGE® Reducing agent (Invitrogen), and at 180 V for 40
minutes. Following transfer using iBlot™ (setting 5 for 7 minutes;
Invitrogen), nitrocellulose membranes were heated in 1xPBS (5
minutes, microwave) and blocked in 5% (wv') skim milk (30
minutes), then incubated with 4G8 (Covance; detecting residues 17-
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Figure 2: Acute isoflurane exposure decreases soluble and membrane
levels of APP.

A. Western blot using the anti-APP antibody 22C11 demonstrated that acute
isoflurane exposure, but not chronic, caused an immediate and significant
decrease of APP in the TX100 soluble fraction. This soluble TX100 fraction
represents soluble and membrane associated proteins. B. Quantitation of
western blot images normalised to Ponceau S, showing 6H vs C -18%, *p
= 0.0287. Wide horizontal bars represent group means. Control group (C),
acute 6-hour exposure group (6H), chronic 2-hours/dayx5 days exposure
group (5D); error bars: + 1 standard deviation.

24 of human and mouse Ap; 1:1,000) for AR or 22C11 (Millipore;
detecting residues 66-81 of the N-terminus on the pre-A4 molecule,
1:1,000) for APP. After incubating with primary antibodies, all
membranes were rinsed then incubated with secondary antibody
conjugated to horse radish peroxidase (Dako; Rabbit Anti-mouse,
1:15,000), rinsed and developed with Immobilon™ (Millipore).
Images (LAS-3000, Fujifilm) had the relative optical density of signals
determined using Multi Gauge (Fujifilm V3.0). Relative protein
transferred to membranes was determined with Ponceau S Staining
Solution (Sigma) as per the manufacturer’s protocol.

Statistics

For all comparisons, each of the anaesthetic groups (acute or
chronic) was compared to the control group using t-tests with Prism
6 (Graph Pad Software Inc). Differences were deemed significant
when p-values were < 0.05.

Results

Aged wild-type mice were exposed to the two anaesthesia
paradigms (acute or chronic); the respiratory rate of all mice was
continuously monitored whilst under anaesthesia and care was given
to maintain body temperature. The mice tolerated the exposures well.

This study focused on the biomarkers of the AD neurodegenerative
process. The first biomarker of interest was APP, as changes in its
level could represent alterations in expression, cellular trafficking,
post-translational modifications, or enzymatic processing. Western
blots on whole brain homogenate (using triton X-100 homogenates,
protocol 1) demonstrated that acute and chronic isoflurane exposure
did not significantly change total levels of APP (Supplementary Figure
S1). However, western blots of the TX100 homogenate supernatant,
that contains both soluble and membrane associated proteins,
demonstrated that acute isoflurane exposure led to a significant
reduction in APP (-18%, p < 0.05), while chronic exposure did not
(-9%, p = 0.2; Figure 2).

To further define the location of these changes to APP, a second
PBS-based homogenisation and fractionation protocol was used
(protocol 2). This protocol yielded five fractions, four of which
equated to the soluble TX100 fraction (Figure 1). In these fractions,
acute isoflurane exposure caused a significant decrease in the PBS-
soluble fraction (-22%, p < 0.05) and an increase in the Na,CO,
fraction (+35%, p < 0.05), while there was a non-significant reduction
in the membrane fraction (-16%, p = 0.15; Figure 3); insoluble levels
were increased, but not significantly (+30%, p = 0.06; Figure 4).
Similarly to the acute exposure, chronic isoflurane exposure caused
a significant reduction in membrane levels of APP (-17%, p < 0.05),
but in contrast to the acute exposure, there were no changes in other
fractions (Figure 3).

The reduction in APP levels in the soluble and membrane fractions
caused by acute isoflurane exposure may have resulted from increased
cleavage, or processing, of APP with a consequent increase in the
generation of AP. To test this, western blots were performed using
the 4G8 antibody to target mouse APB. While neither monomer nor
dimer species were detected, two species migrating at approximately
60- and 40-kDa were observed. Western blots demonstrated that
acute isoflurane exposure significantly increased both 60- and 40-kDa
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Figure 3: Subcellular APP changes: isoflurane decreases membrane and soluble levels, but increases Na,CO, levels.

Western blots were performed with 22C11 probing for APP with quantitation of images normalised to Ponceau S. A. PBS soluble fractions demonstrated a
significant reduction in APP levels caused by an acute isoflurane exposure; 6H vs C -22%, *p = 0.0251; a chronic exposure had no effect. B. PBS wash fractions; no
significant changes irrespective of exposure type. C. The Na,CO, fractions showed that acute isoflurane exposure caused a significant increase in APP levels; 6H
vs C +35%, **p =0.0047; a chronic exposure had no effect. D. Western blots of the membrane fractions showed that both acute and chronic isoflurane decreased
average levels of APP, albeit only of significance following chronic exposure; 6H vs C -17% p = 0.1594; 5D vs C -17% ***p = 0.0427. Wide horizontal bars represent
group means. Control group (C), acute 6-hour exposure group (6H), chronic 2-hours/dayx5 days exposure group (5D); error bars: + 1 standard deviation.

species levels in the soluble TX100 fraction (+81%, p < 0.05; +32%, p  fraction alone (-49%, p < 0.05) and no other changes were detected.
< 0.05; respectively), while chronic exposure had no effect (Figure 5).  Insoluble levels of both species were unaffected by isoflurane
Western blots on the sub-fractionated material showed that the acute ~ (Supplementary Figure S2).

exposure caused a significant decrease in membrane species (60 kDa:
-17%, p < 0.05; 40 kDa: -33%, p < 0.05) with concomitant increase
in the Na,CO, fraction (60 kDa: +45%, p < 0.05; Figure 6). Chronic In this preliminary study we implemented two different
isoflurane exposure decreased the 40 kDa species in the PBS-Wash  anaesthetic paradigms in a cohort of aged mice (to approximate the

Discussion
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Figure 4: Acute isoflurane exposure causes a non-significant increase
in insoluble APP levels.

A. Western blot of insoluble fractions with the 22C11 antibody. B. While a
chronic exposure had no effect on APP levels, acute exposure increased
levels, but not to a significant extent; quantitation of western blot images
normalised to Ponceau S, showing 6H vs C +30%, p = 0.0567. Wide
horizontal bars represent group means. Control group (C), acute 6-hour
exposure group (6H), chronic 2-hours/dayx5 days exposure group (5D); error
bars: + 1 standard deviation.

elderly “at-risk” group in the human population) in order to test the
hypothesis that isoflurane alters the processing of APP. Seventeen-
month-old C57/Bl6 mice acutely (6 hours) exposed to isoflurane
demonstrated a reduction in soluble levels of APP and an increase
in TX100 soluble processed APP fragments (supplementary Figure
S3), while a chronic exposure (2 hours per day for 5 consecutive days)
decreased membrane levels of APP without significantly increasing
TX100 soluble processed fragments (supplementary Figure S4).

Only two studies have explored the effects of isoflurane on
APP in vivo [22,26]. One study used C57/Bl6 mice exposed to 1.4%
isoflurane for a relatively short period, 2 hours, to show an increase
in processing of APP, which was reflected by an increase in the ratio
of APP-N-caspase fragment to APP 12 hours after anaesthesia (a
consequence of increased caspase activity). In addition, an increase in
BACE levels followed by an increase in Ap was found [22]. However,
the age of the mice was not specified, and assays were not performed
on whole brain, rather prefrontal cortex alone. A second study treated
6-8 month old triple Tg mice for 5 hours with 0.9-1.1% isoflurane
per week for four consecutive weeks [26]. Tissues were collected from
these mice 24 hours after their last anaesthesia and analysed for levels
of APP and its C-terminal fragments, C99 and C83. In contrast to
the previous study, no changes in these proteins could be detected.
Ultimately, the conclusions from each study were limited in scope
and difficult to compare to one another because different animal
models and exposure regimens were used. However, this preliminary
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Figure 5: Acute isoflurane exposure increases levels of soluble and
membrane APP processed fragments.

A. Western blot of TX100 soluble fractions with a 4G8 antibody demonstrate
increases in both the 60- and 40-kDa species following acute isoflurane
exposure; chronic exposure had no effect. Quantitation of western blot
images normalised to Ponceau S, showing B. 6H vs C +81%, *p = 0.0098. C.
6H vs C +32%, **p = 0.0469. Wide horizontal bars represent group means.
Control group (C), acute 6-hour exposure group (6H), chronic 2-hours/dayx5
days exposure group (5D); error bars: + 1 standard deviation.

data suggests that a short acute exposure increases processing, whilst
a chronic exposure does not.

The present study supports this notion; here an increase in the
processing of APP following a 6 hour acute isoflurane exposure was
identified. The precise mechanism for the acute changes was not
determined. However, if the increase in processing were due to an
increase in secretase activity, then it would be reasonable to expect an
increase in APP fragments. As such, western blots were performed to
examine changes to A, but no monomeric species were detected. This
may have been due to the time dependent nature of changes to this
protein found by others [22] where mouse A levels were unchanged
at 6 or 12 hours post anaesthesia yet increased at the 24-hour point.
Alternatively, and most likely, this may be due to the known technical
difficulties associated with detecting endogenous mouse A [33].
Subsequent studies will also benefit from larger sample sizes (and
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Figure 6: Subcellular APP fragment changes: isoflurane decreases membrane and wash levels, but increases Na,CO, levels.

Western blots were performed with 4G8 probing for processed APP fragments with quantitation of images normalised to Ponceau S. A. PBS soluble fractions; no
significant changes. B. PBS wash fractions demonstrating that chronic isoflurane exposure causes a reduction in levels of the 40 kDa species; 5D vs C -49%, *p =
0.0003; acute exposure had no effect. C. The Na,CO, fractions showed that acute isoflurane exposure caused a significant increase in levels of the 60 kDa species;
6H vs C +45%, **p = 0.0416; chronic exposure had no effect. D. Western blots of the membrane fractions showed that acute isoflurane exposure decreased levels
of both 60- and 40-kDa species; 60 kDa: 6H vs C -17% ***p = 0.0009; 40 kDa: 6D vs C -33% ****p = 0.0018; chronic exposure had no effect. Wide horizontal bars
represent group means. Control group (C), acute 6-hour exposure group (6H), chronic 2-hours/dayx5 days exposure group (5D); error bars: + 1 standard deviation.

associated increased rigor of the statistical evaluation) and a finer ~ detect monomeric AP, which may additionally be explained by
delineation of the temporal changes associated with an isoflurane-  a preconditioning effect of chronic isoflurane exposure [34,35].
induced alteration in APP processing. While isoflurane preconditioning has been studied in the context
o ) ) of ischaemic brain injury in rodent stroke models [34], it has also
Similarly in the chronic exposure cohort, we were unable to been studied using mature cortical neurons harbouring presenilin
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mutations [35]; in these models, toxicity secondary to a large dose
of isoflurane (2.4% for 24 hours) was attenuated by an earlier
shorter exposure to the anaesthetic. The underlying mechanisms
for isoflurane preconditioning have yet to be elucidated, but some
suggest enhancement of non-specific cellular defensive mechanisms
by potentiation of K . channels (in a regional specific manner, i.e.,
sparing the cerebellum), and modulation of nitric oxide, activation
of adenosine A receptors, and activation of p38 MAPK [34]. Further
work is required to define the molecular relationship between
isoflurane preconditioning changes and A production, aggregation,
or degradation. Furthermore, the differential effect of isoflurane
exposure on APP processing requires additional studies to explore
the mechanisms/signalling pathways that are likely involved.

Although no monomeric or dimeric AP species were identified
here, two prominent immunoreactive species were detected at
approximately 40- and 60-kDa, which may represent high molecular
weight beta amyloid oligomers. The ~60 kDa Ap species could be the
soluble globular AP oligomer already reported by others [36,37] and
noted in published western blots [18,33], or it could also represent
the AB*56 multimer that has been identified and partly characterised
[38]. The ~40 kDa species has also been observed on immunoblots
and reported in the literature [33,36-38]. In order to further define
the nature of these apparent AP species, further studies (eg. ELISA
or probing western blots with other specific anti-AP antibodies) are
required. That the two species could represent AP oligomers, however,
is relevant given the literature supporting the notion that the soluble
oligomers are in fact more toxic and inhibit long term potentiation
[39-42]. If this is the case, then an acute isoflurane exposure would
be initiating or accelerating an AD like pathology, whereas chronic
exposure would not. Although preliminary NMR studies have
demonstrated an interaction between isoflurane and amyloid peptide
[43,44], further studies are required to fully define the interaction
between anaesthetic gases such as isoflurane and the APP pathway.

This is the first in vivo study using aged wild-type mice to compare
the effects of acute and chronic exposures to isoflurane in whole
brain on levels of APP, the parent protein of the Alzheimer’s disease
peptide, AB. Although total levels were unaltered, acute isoflurane
exposure reduced APP levels in soluble fractions, with concomitant
increases in levels of its processed fragments. In contrast, chronic
isoflurane exposure had few effects, but a reduction in levels of
membrane bound APP was noted. Taken together, these preliminary
data highlight the importance of considering the length of anaesthesia
when conducting clinical studies exploring the relationship between
general anaesthesia and dementia. Further studies need to be
conducted to explore these notions more thoroughly.
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