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ABSTRACT

Laboratory mice with Middle Cerebral Artery Occlusion (MCAO) represent the main animal models
for ischemic stroke research. Appropriate anesthetic protocols are essential, as anesthetic agents
might affect the central nervous system (CNS) and therefore interfere with the outcome of pre-
clinical ischemic stroke studies. In the present study we sought to investigate whether isoflurane, a
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widely used inhalational anesthetic, has any effect on MCAQO mice pretreated with simvastatin, a
well-known neuroprotective compound, compared with the administration of injectable
ketamine/xylazine combination. Forty adult C57BI/6J mice randomly allocated into four groups
underwent ischemic injury by permanent coagulation of the Middle Cerebral Artery (MCA): Group A
(n=11) animals were anesthetized with ketamine/xylazine, Group B (n=9) with isoflurane, Group C
(n=9) with ketamine/xylazine after pretreatment with simvastatin 2h before permanent Middle
Cerebral Artery Occlusion (pMCAO) and Group D (n=11) with isoflurane after similar pretreatment
with simvastatin. The potential neuroprotective effect of the anesthetics was evaluated in terms of
brain infarct volumes and neuron death. No significant differences, both quantitatively and
gualitatively, were detected in brain lesions measured up to 7 days after pMCAO when comparing
isoflurane inhalational anesthesia to ketamine/xylazine injectable anesthesia. Group C mice
(simvastatin-treated ketamine/xylazine) had a significantly reduced brain infarct volume compared
to Group A mice (non-simvastatin ketamine/xylazine) (P<.0005). Similarly Group D mice
(simvastatin-treated isoflurane) had a significantly reduced brain infarct volume compared to Group
B mice (non-simvastatin isoflurane) (P<.0005). No difference between morphology and number of
apoptotic neurons was detected due to the two different anesthetic regimens. These results
demonstrated the safe use of the established anesthetic agent isoflurane in mice where
simvastatin is investigated as a neuroprotective compound.

Keywords: Maouse model; permanent middle cerebral artery occlusion; isoflurane; neuroprotection;
simvastatin.

ABBREVIATIONS

Middle Cerebral Artery Occlusion (MCAQ)

Central Nervous System (CNS)

Middle Cerebral Artery (MCA)

Permanent Middle Cerebral Artery Occlusion (pMCAO)
1. INTRODUCTION at later phase resulting in an expanding affected
area with increasing cell damage unless

Ischemic stroke represents one of the major intervention comes to halt/prevent this progress
causes of death and disability worldwide creating  [5]-
significant socio-economic burdens and leaving

affected individuals with debilitating  Despite major advances in the pathophysiology,

consequences including permanent disabilities.
Ischemia results either from a permanent or
transient interruption of the brain arterial blood
supply, by an embolus or a thrombus [1,2]. It is
well known that brain tissue has an absolute and
continuous requirement for high oxygen and
glucose as energy production depends almost
exclusively on  oxidative  phosphorylation
processes [3] and therefore one can imagine that
halting this process in any way is deleterious for
the CNS tissue. During the ischemic event the
impaired blood flow does not allow the delivery of
these substrates to the CNS, leading to energy
depletion, over activation of glutamate receptors
and release of excess glutamate, increase of
intracellular calcium, loss of membrane potential
and cell depolarization [4]. This deleterious
cascade of events is initiated immediately after
the ischemic insult and it results to cell death
shortly after, whilst neuron death proceeds even

diagnosis, and follow-up [6] of ischemic stroke,
the only approved treatment today offered
remains the intravenous administration of
recombinant tissue plasminogen activator (rt-PA)
as long as it is given within the first 3 hours after
stroke onset [7,8].

The reality is at least disappointing if we consider
the number of thrombolytic, reperfusion and
neuroprotecive compounds that have been
developed and showed promising results in pre-
clinical settings but failed in clinical trials [7,9].
Pre-clinical stroke research has a remarkably low
translational success rate and the clinical need
for novel neuroprotective therapeutics has gone
largely unmet [10] whilst serious issues
concerning the preclinical studies and available
animal models were re-evaluated. However, this
discrepancy led also to positive outcomes
including improved study quality to include



Linou et al.; BJIMMR, 10(12): 1-12, 2015; Article no.BJMMR.19288

considerable rigor, standardization and emphasis
on minimization of experimental bias during
animal experimentation [2].

Currently there is a large number of compounds
showing promising effects. One of those is the
family of statin proteins that have led to improved
neurological outcome after acute cerebral
ischemia [11] by having a positive impact on
endothelial function, by modulating inflammatory
responses and preventing the formation of
thrombus [12]. More specifically, simvastatin, an
approved drug for cholesterol reduction, has
been shown to be a strong neuroprotectant in an
embolic model of stroke [13] and in MCAO in rats
[14] but also when combined with tissue
plasminogen activator in experimental and
human stroke [15,16] and with human umbilical
cord blood cells [17] where it enhances vascular
remodeling and functional outcome after MCAO
in rats. In another study, simvastatin markedly
decreased the OGD/reoxygenation-evoked death
of cortical neurons by decreasing the intracellular
level of 4-hydroxy-2E-nonenal (HNE) in neuronal
cells, in rats [18].

In an effort to simulate stroke injury in vivo, a
variety of animal models have been developed
both in small laboratory animals and non human
primates [19,20]. Even though all these models
differ significantly in the way infarction is
achieved, in whether this is reversible or not and
in other multiple parameters, they all share one
common feature, the absolute requirement for
efficient anesthesia. For this microsurgery
procedure anesthesia has to be long lasting,
provide the required analgesic effect, allow
recovery, minimize death incidence of
experimental subjects and at the same time
ensure that it does not interfere with parameters
under investigation and the outcome of
experimental procedures.

Pre-clinical studies for stroke are largely based
on animal models that model specific aspects of
ischemic injury. In humans the majority of strokes
are atherothrombotic or embolic, accounting for
88% of cases. The closest surgical method to
recapitulate such situations in rodents and other
animal species (rabbits, dogs and non-human
primates) is the occlusion of the middle cerebral
artery that induces both subcortical and cortical
damage by activating excitotoxic and apoptotic
cellular processes [21,22]. Based on the level of
pain and distress, this surgical procedure may be
classified as severe (moderate in the hands of
experts) [23] and is always conducted under

general anesthesia. Injectable anesthetic agents
are in ready to use solutions, can be used in
combinations for better results, remain available
at affordable cost and do not require the use of
any specific equipment for their administration.
However they have several disadvantages
especially in small rodents as, they require high
level of accuracy in dosing and as their action is
long-lasting, rendering them unsafe, under
conditions of poor monitoring of the animals. The
most commonly used injectable anesthetics
during middle cerebral artery occlusion in rodents
are ketamine and xylazine which are co
administered.

On the other hand, inhalational anesthetic agents
are accurately administered at specific rate of
flow, maintain an accurate anesthetic plane, and
provide fast induction of anesthesia together with
fast and at will recovery, ensuring the safest
anesthetic conditions available in experimental
settings. A major disadvantage is the pricing that
is higher compared to injectable agents, the
absolute requirement for specialized equipment
and the strict monitor in order to maintain an
accurate anesthetic plane. The most commonly
used inhalational anesthetic is isoflurane [24]
while there is a continuous development of
related agents [25].

Despite the clear advantage of inhalational
anesthetics, there is a rising concern for their use
in middle cerebral artery occlusion experiments
as there is data to support that they can alter the
outcome of this experimental procedure.
Specifically, in rodents that have been subjected
to various models of brain injury, isoflurane has
been shown to exert neuroprotective effects that
can be either brief or prolonged [26,27]. This
effect seems to be largely dependent on the
concentration and duration of exposure to the
anesthetic, the animal model used and other
different parameters specific for each study.
These results suggest that isoflurane anesthesia
can undermine, hide or alter the effects of novel
stroke treatments that are under investigation
[28] and warrant caution when using anesthetics
for pre-clinical testing of neuroprotective agents
and when interpreting their data.

In this study, we aim to investigate the potential
neuroprotective role of isoflurane in C57BI/6J
mice, in the ischemic model of pMCAO.
Furthermore we sought to investigate whether
isoflurane use could enhance or alter in any way
the effect of simvastatin in mice pretreated with
this well-known neuroprotective compound.
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2. MATERIALS AND METHODS
2.1 Laboratory Animals

C57BL/6J mice (n=40) (Harlan, UK), 3 to 4
months old weighing at least 30 g were used for
all ischemia procedures. Animals were bred
under specific pathogen-free conditions (SPF) in
the breeding unit of the Department of Animal
Models for Biomedical Research at Hellenic
Pasteur Institute. Mice were maintained at the
experimental conventional unit of the same
Institute, four to a polycarbonate cage
(Tecniplast, Italy) with filter top and pre-defined
dimensions of 332 x 150 x 130 mm and floor
area of 335 cm2, according to the “Requirements
for Establishments and for the Care and
Accommodation of Animals, Annex Il of the
Directive  2010/63/EU of the European
Parliament and of the Council on the protection
of animals used for scientific purposes” and
bedding of wood shavings (Scobis Uno,
Mucedola, Italy). External factors were
maintained stable within approved limits and
included a 12 h light/dark cycle, 50-60 % relative
humidity, and temperature between 20° and
22°C. Animals were administered filtered tap
water by water bottles of clear-glass
Polycarbonate (Tecniplast, Italy) and laboratory
chow (4RF18 GLP certificate, Mucedola), ad
libitum. The experimental protocol describing all
animal procedures was approved by the National
Veterinary Authority (license number 542/30-01-
2013) according to the European Directive
2010/63/EU and the Greek Presidential Decree
No. 56/2013 with which it is conformed.
2.2 Groups, Anesthetic and Neuro-
protective Agent Treatments

All animals were randomly assigned to four
different groups according to the exposure of
selected anesthetics and simvastatin. In Group A
(n=11) animals were anesthetized with ketamine
and xylazine (at 100 and 10 mg/kg, IP,
respectively), Group B (n=9) with isoflurane (4-
5% for induction in a chamber and 1-2% for
maintenance with the wuse of calibrated
vaporizer), Group C (n=9) with ketamine and
xylazine (at 100 and 10 mg/kg, IP, respectively)
after pretreatment with simvastatin (LEPUR
F.C.TAB 20 mg/tab, ELPEN, Greece, at 100
mg/kg, PO by oral gavage) 2h before pMCAO
and Group D (n=11) with isoflurane (4-5% for
induction in a chamber and 1-2% for

maintenance with the use of calibrated vaporizer)
after pretreatment with simvastatin (LEPUR
F.C.TAB 20 mg/tab, ELPEN, Greece, at
100 mg/kg PO by oral gavage 2 h before
pMCAO. All animals received the same pre-
emptive multimodal analgesia: topical lidocaine
and prilocaine (EMLA cream, ASTRA), and
parenteral butorphanol and carprofen (Butador at
2 mg/Kg and Rimadyl at 5 mg/kg, SC) 1 h prior to
pMCAO and post operatively, carprofen
(Rimadyl, 5 mg/kg, SC) additionally every 24
hours for 7 days until the mice were sacrificed for
brain analysis. It should be noted that during the
pMCAO procedure one mouse of the
ketamine/xylazine group died and was replaced,
whilst all mice that received isoflurane survived.

Euthanasia was conducted by cervical
dislocation by an experienced technician on
animals anesthetized with isoflurane as above.

2.3 Permanent Middle Cerebral
Occlusion (pMCAOQ)

Artery

Surgical protocols were additionally approved by
the Pasteur Institute ethics committee. Focal
ischemia was induced by pMCAO as reported
previously [29,30]. The mouse was placed in the
supine position on a heating pad to ensure a
body temperature of 37%0.5C (Harvard
Apparatus, USA) and a rectal probe was used
throughout the experimental procedure for
monitoring temperature fluctuations. During
ischemia, physiological parameters remained in
the normal range (body temperature, 37+0.3C;
PaCO2, 40.9+4.2 mmHg; PaO2, 131.73+3.97
mmHg; pH, 7.08+0.08). Briefly, under a stereo
dissecting microscope the left Middle Cerebral
Artery (MCA) was exposed through a skin
incision between the left eye and ear followed by
a hole using a microdrill (Harvard Apparatus,
USA) and was permanently occluded by bipolar
electro coagulation (FST, Germany) distal to the
bifurcation of the artery. To ensure complete
occlusion the artery was dissected just above the
point of coagulation using a micro-dissection
scissors (FST, Germany). After coagulation, the
skin lesion was stitched with 4-0 Vicryl
absorbable sutures (Ethicon, USA) and the
animals were placed in a recovery cage with a
heating blanket underneath to avoid hypothermia
until complete recovery from anesthesia for at
least 4h, and then were allowed to return to their
original cages and allowed to eat and drink ad
libitum.
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2.4 Histology and Immunocytochemistry

Brains were rapidly removed from the euthanized
mice and placed in ice-cold isopentane solution
(Merck, Germany) and were stored at -80<C until
further processing. Coronal brain sections (20
pUm) were cut on a cryostat (Leica, Germany) and
stained with thionin (Sigma-Aldrich, UK). Total
infarct volume (mm3) was calculated after
integration of infarcted areas and correction for
brain edema area on each section using the
public domain ImageJ software with the distance
(400 pm) between each section level analyzed
(Valable et al., 2005). For immunocytochemistry,
frozen sections were placed in blocking buffer
containing 5% Normal Goat Serum and 0.1%
Triton-X100 diluted in PBS and then incubated in
primary antibody solutions overnight containing
1% Normal Goat Serum and 0.05% Triton-X100.
Primary antibodies used were anti-caspase 3
(active) (Cell Signaling, UK, 1:600) and anti
NeuN (Chemicon, UK, 1:400). Antibody binding
was visualized using biotinylated secondary
antibody followed by HRP-labeled avidin-biotin
complex and DAB (VECTOR, UK).

2.5 Western Blot

Total protein extracts from non-occluded
(contralateral) and ischemic cortex (ipsilateral) of
representative mice from each experimental
group (n=3 for ketamine/xylazine Group A and
n=3 for isoflurane Group B, n=2 for
ketamine/xylazine simvastatin pre-treated Group
C and n=2 for isoflurane simvastin pre-treated
Group D) 7 days after pMCAO were prepared by
homogenization of tissues in ice-cold RIPA buffer
containing a protease inhibitor cocktail (Roche,
UK). Thirty micrograms of protein extract were
boiled in sample buffer (Cell Signaling, UK) and
resolved in 12.5% polyacrylamide gels under
denaturating conditions and transferred to PVDF
membranes (Pierce, UK). Blots were probed with
an antibody against PARP (Santa Cruz, USA) at
1:500 dilution and detection was performed using
a horseradish peroxidase-conjugated anti-rabbit
antibody (Pierce, USA) at 1:2000 dilution and
finally the ECL Plus detection system (GE
Healthcare). Normalization was performed using
an antibody against [-actin antibody (Cell
Signaling) at 1:1000 dilution. Relative band
intensities were quantitated using Image J
Software.

2.6 Statistical Analysis

All data are presented as mean * standard error
of the mean (S.E.M.) for continuous variables.

The Kolmogorov—Smirnov test was utilized for
normality analysis of the parameters.
Independent samples t-test was used for the
comparison of anesthetic agents in the presence
or absence of simvastatin and for the comparison
of simvastatin use in relation to the two different
anesthetic agents in relation to the average
infarct volume variable. The same test was used
for the comparison of the number of neuron
nuclei and caspase 3 protein between groups. All
tests are two-sided, statistical significance was
set at P < .05. All analyses were carried out
using the statistical package SPSS vr 17.00
(Statistical Package for the Social Sciences,
SPSS Inc., Chicago, Ill., USA).

3. RESULTS AND DISCUSSION

3.1 Results

3.1.1 Ischemic lesion volume — groups A and
B

Lesions were similar 7 days after occlusion
between Groups A and B with an average lesion
volume of 22.590+0.591 mm?® in Group A and
22.071+0.565 mm® in Group B (P > .05)
(Fig. 1A). Thionin staining of the coronal brain
sections showed similar cortical lesions and did
not show any differences between the two
groups (P > .05) (Fig.1B).

30 -
25 4
20 -
15 4

10

Lesion Volume {mm?3)

Isoflurane

Ketamine/Xylazine

Fig. 1A. Ischemic lesion volume
measurements 7 days post pMCAO.
Quantitation of lesion volume (mm %) in mice
anesthetized with ketamine/xylazine (n=8,
Group A) (1A left) and isoflurane (n=9, Group
B) (1A right) using Image J Software revealed
similar size of infarction between the two
groups. Data are expressed as mean + S.E.M.
for each group analyzed
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Fig. 1B. Thionin staining of Group A and
Group B serial cryosections with 400 pum
distance in between showing the similar
extent of infarct between the two groups.
Representative thionin staining from one
animal per group is shown

3.1.2 Neuron death — groups A and B

Despite the absence of significant differences in
lesion volume between the two different
anesthetics, we performed further analysis of the
lesions using immunocytochemical methods for
the detection of the neuronal marker, NeuN, and
of the apoptotic protein, caspase-3. No
differences were observed both in the
morphology (Fig. 2A) and number of neurons
(Fig. 2B) within ischemic lesions between Groups
A and B.

Ketamine/Xylazine Isoflurane

Fig. 2A. Analysis of neuronal death in
ischemic lesions 7 days post pMCAO.
Immunocytochemical analysis for the
detection of the active form of caspase 3
confirmed that the neuronal cell death within
lesions from ketamine/xylazine (n=3, Group
A) and isoflurane (n=3, Group B) anesthetized
mice was comparable, with condensed nuclei
staining positive for active caspase-3 (brown)
and cells that remain intact staining blue (60x
magnification) (2A, representative sections
shown)

500 -

NeuN Positive nuclei

100 A

Isoflurane

Ketamine/Xylazine

Fig. 2B. Quantitation of NeuN positive nuclei
in both groups numbers of neurons in
defined areas of the ischemic lesions were
also similar in both groups (A and B)
suggesting that neuron loss is not affected
by the use of these anesthetics. Data are
expressed as mean = S.E.M. for each group

analyzed

To further examine possible differences in cell
death, we also assessed the levels of PARP
cleavage as a marker of apoptosis, by Western
blot in protein extracts after 7 days of pMCAO
(n=3 for ketamine/xylazine Group A and n=3 for
isoflurane Group B). In agreement with our
immunocytochemical findings, PARP was
efficiently cleaved after pMCAO (Fig. 2C) and its
levels were similar between the two groups
studied.

The above data confirm that in our pMCAO
model in C57BI/6J mice, injectable ketamine/
xylazine anesthesia and isoflurane inhalational
anesthesia have similar effects in brain tissue,
both quantitatively and qualitatively.

3.1.3 Ischemic lesion volume — groups C and
D

Lesion volume analysis revealed that pre-
treatment with simvastatin did not affect lesion
volume regardless of the mode of anesthesia
chosen (Group C 18.792+0.559 mm® vs D
18.353+0.468 mm®, P=0.552 (Fig. 3).

3.1.4 Ischemic lesion volume — groups A vs
C, B vs D regarding simvastatin
treatment

It was observed that simvastatin exerted strong
neuroprotection as lesion volume was
significantly decreased in simvastatin-treated
mice.
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Fig. 2C. Western Blot analysis for PARP protein in
Group A (n=3) and Group B (n=3) ischemic protein ex
cleavage after pMCAOQO that is similar between Group

Specifically, simvastatin-treated ketamine/
xylazine mice (Group C) had a significantley
reduced lesion volume (18.792+0.559 mm°~)
compared to non-treated ketamine/xylazine mice
(Group A: 22.590+0.591 mm?®) (P< .0005).
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Fig. 3. Ischemic lesion volume 7 days post
pMCAO in mice pre-treated with simvastatin.
Quantitation of lesion volume (mm 3) in mice

pretreated with simvastatin 1 h prior to
pMCAO induction either using
ketamine/xylazine (n=9, Group C) or

isoflurane (n=11, Group D) using Image J

Software revealed similar size of infarction
between the two groups. Data are expressed

as mean * S.E.M. for each group analyzed

Similarly simvastatin-treated isoflurane mice
(Group D) had a significantly reduced lesion
volume (18.353+0.468 mm?® compared to the
non-treated  isoflurane  mice (Group B:
22.071+0.565 mm®) (P< .0005) (Table 1, Figs. 4
A, B).

3.1.5 Neuron death — groups Avs C, Bvs D
regarding simvastatin treatment

Analysis of neuronal death in ischemic lesions 7
days post pMCAO in mice pretreated with
simvastatin. Caspase 3 immunoreactivity was
guantitated in defined areas of ischemic lesions
and comparisons between Group C and A

T —— — i —

e

PARP

cleaved PARP

non ischemic cortical protein extract (n=1),
tracts shows an increase in PARP
Aand B

showed a significant reduction in the number of
apoptotic cells (P< .001) (Fig. 5A) and a similar
difference was shown when Groups D and B
were compared (P< .001) (Fig. 5B). Data are
expressed as mean = S.E.M. for each group
analyzed.

Caspase 3 immunoreactivities within lesions from
simvastatin-treated mice (Group C: 28+3.4 and
Group D: 42+2.6) were lower compared to
untreated mice (Group A: 43+4 and Group B:
53+6) (Figs. 5C, D) but no difference between
morphology or number of apoptotic neurons was
detected due to the two different anesthetics
(Figs. 5C, D).

3.2 Discussion

In the present study we compared isoflurane with
one of the most commonly used injectable
anesthetic combinations, ketamine/xylazine, for
pMCAO by surgical coagulation in mice. Their
potential neuroprotective effect was evaluated in
terms of brain infarct volumes and neuron death.

No differences in brain lesion volume measured
up to 7 days after pMCAO were detected when
comparing isoflurane to ketamine/xylazine
anesthesia, confirming available data where
isoflurane use during ischemic procedures did
not show any improved short or long term
neurological outcome [27].

Our study was performed in adult C57BI/6J mice
using a model of permanent ischemic injury by
coagulation of the MCA. In this model neuron
death occurs independently of inflammatory
infiltration, in contrast to ischemia/reperfusion
models used, where isoflurane administration
induces neuroprotection, by its effects on
inflammation [31]. It was demonstrated that
neuron death after pMCAO was not affected by
isoflurane administration.
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Table 1. Lesion volume mean values and standard err  or of mean (S.E.M.) in mm 3

Groups Lesion Volume (mm °) S.E.M.
Group A (Ketamine/Xylazine) 22,590 0,591
Group B (Isoflurane) 22,071 0,65
Group C (Ketamine/Xylazine+ Simvastatin) 18,792 0,559
Group D (Isoflurane+Simvastatin) 18,353 0,468
A B
2 Ketamine/Xylazine il Isoflurane
& 25 1 e 25 4
E 20 E 20
2 2
5 10 | § 101
L g
(] (]

untreated Simvastatin untreated Simvastatin

Fig. 4. Comparison of ischemic lesion volumes 7 day s post pMCAO between Group C (n=9)
and Group A (n=8) reveal significantly reduced lesi  on volume after simvastatin administration
when ketamine/xylazine was used ( P< .0005) (4A). Similar reduced ischemic volume was  also
observed when Group D (n=11) and Group B (n=9) were  compared showing that simvastatin
also conferred significant neuroprotection when iso flurane was used ( P< .0005) (4B). Data are

expressed as mean + S.E.M. for each group analyzed
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% 50 % 60 -
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untreated Simvastatin untreated Simvastatin

Fig. 5A, B. Analysis of neuronal death in ischemic lesions 7 days post pMCAO in mice
pretreated with simvastatin. Caspase 3 immunoreacti  vity was quantitated in defined areas of
ischemic lesions and comparisons between Group C an d A and D and B showed a significant
reduction in the number of apoptotic cells (  P<.001). Data are expressed as mean + S.E.M. for

each group analyzed
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Figure 5D
Isoflurane
Simvastatin untreated
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Fig. 5C, D Representative images of sections staine
with simvastatin shows less immunoreactivity when c
ketamine/xylazine (5C) and isoflurane (5D) were use

d for active caspase 3 after pretreatment
ompared to untreated mice both when
d. Representative sections are shown for

each group analyzed (60 x magnification)

In contrast to our findings, isoflurane use has
been challenged by a number of studies that
showed that it can induce neuroprotection
[27,32,33] probably by antagonizing the NMDA
glutamate receptor without excluding other
mechanisms of action including potassium
channels and NO mediated vasodilation [34,35].
In several studies the cerebroprotective effect of
isoflurane is dependent on the duration and dose
of the anesthetic, its pretreatment use, and the
severity and extent of the study [36].

In another study preconditioning with a 30 min
isoflurane administration in adult rats before
MCAO resulted in an acute phase of
neuroprotection with a time window of effect from
a few minutes up to 3 hours [37].

The neuroprotective effects of isoflurane have
been demonstrated using mainly histochemical
and behavioral tests, in various models of
ischemic injury mainly in rats and in reversible
ischemic conditions with variable times of
reperfusion [27]. This conferred a significant
improvement in motor co-ordination and infarct
volume and is in agreement with previous studies
performed in neonatal rats [38,39] suggesting
that studies that involve preconditioning with
isoflurane are up to date the most consistent and
in support of neuroprotecive effects.

Although ketamine has also been shown to have
a neuroprotective effect as an NMDA glutamate
receptor antagonist, it may be less
neuroprotective than isoflurane in a rat model of
experimental traumatic brain injury [40].
According to several studies there is no long-
term outcome data demonstrating the persistent

benefit of neuroprotection after ketamine
anesthesia [41,42]. In the second part of our
study, in order to ensure that in our experimental
setting isoflurane  does not modulate
pharmacologically induced neuroprotection, we
used simvastatin, a cholesterol lowering
compound that belongs to the statin family of
anti-inflammatory agents [43]. In contrast to
groups not treated with simvastatin, where the
infarct volumes did not have any significant
difference between them, the infarct volume was
significantly reduced when animals were
pretreated with simvastatin, both in the isoflurane
and the ketamine/xylazine group.

Simvastatin has been shown to be effective in an
embolic model of stroke in rats, by establishing
re-circulation in the injured brain and reducing
perfusion deficits [13] and by modulation of NOS
activity [4,12]. In our pMCAO model a pre-
treatment two hours before occlusion in non-
anesthetized mice was enough to confer long
term (7 days) neuroprotection and reduced
apoptotic cell death within lesions of the treated
mice, regardless of the anesthetic used. The
discrepancy between our results and those of
Seto et al. [28] that also used C57BI/6J mice and
showed masking of neuroprotectants by
isoflurane, could be explained by large
differences in our experimental approaches, such
as the use of prothrombotic occlusion instead of
pMCAO. Moreover the compound tested
involved the GIUN2B or a4b2 nicotinic receptor
antagonist and had direct neuroprotective activity
lacking anti-inflammatory effects whilst the
animal models employed involved freely awake
moving mice.
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In our study, isoflurane was also used as an
anesthetic for the humane euthanasia of mice by
cervical dislocation that was conducted by an
experienced technician in order to kill the mice
rapidly, humanely, with the minimum exposure to
isoflurane. This brief period of isoflurane
inhalation prior to dislocation may be considered
a limitation as all groups inevitably were exposed
to it. However, this exposure was brief,
conducted 7 days post-operatively, and taking
into account that the brains were removed
immediately after dislocation, we believe that this
inhalation did not have the time to interfere with
the lesion findings.

4. CONCLUSION

Our study demonstrated that isoflurane
administration did not affect ischemic lesion
volume after pMCAO in mice, nor did it influence
simvastatin-induced neuroprotection. Overall this
data suggests that in the pMCAO C57BIl/6J
mouse model, isoflurane use alone or in
combination with a neuroprotective compound
(simvastatin) did not affect the experimental
outcome when compared with injectable
anesthetics, providing further evidence to support
the safe use of this inhalational anesthetic in pre-
clinical studies of ischemic injury in mice.

While these findings in mice with pMCAO cannot
be applied to all experimental brain ischemia
settings, isoflurane use appears safe and
efficient. Nevertheless future experimentation
using various neuroprotective agents, especially
compounds tested pre-clinically for stroke, is
necessary before proceeding to clinical trials.
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