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Abstract

Anesthetics have been reported to promote Alzheimer’s disease (AD) neuropathogenesis by
inducing B-amyloid protein accumulation and apoptosis. Neuroinflammation is associated with the
emergence of AD. We therefore set out to determine the effects of the common anesthetic
isoflurane on the levels of TNF-a, IL-6, and IL-1p, the proinflammatory cytokines, /n vitroand in
vivo, employing Western blot, immunohistochemistry, ELISA, and RT-PCR. Here, we show that
a clinically relevant isoflurane anesthesia increased the protein and mRNA levels of TNF-a, IL-6,
and IL-1p in the brain tissues of mice. The isoflurane anesthesia increased the amounts of TNF-a
immunostaining positive cells in the brain tissues of mice, the majority of which were neurons.
Furthermore, isoflurane increased TNF-a levels in primary neurons, but not microglia cells, of
mice. Finally, isoflurane induced a greater degree of TNF-a increase in the AD transgenic mice
than in the wild type mice. These results suggest that isoflurane may increase the levels of
proinflammatory cytokines, which may cause neuroinflammation, leading to promotion of AD
neuropathogenesis.
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Introduction

Neuroinflammation, which includes activation of microglia cells, participation of astrocytes,
and involvement of neurons, has been suggested to play a role in neurodegenerative
diseases, including Alzheimer’s disease (AD) [reviewed in (Akiyama et al., 2000; Cameron
and Landreth, 2009; Heneka and O’Banion, 2007; Sastre et al., 2006)]. Specifically, a recent
Framingham study by Tan et al. (Tan et al., 2007) suggests that elevated levels of tumor
necrosis factor (TNF)-a and interleukin 1 (IL-1), the proinflammatory cytokines, in blood
are associated with an increased risk of developing AD.

An estimated 200 million patients worldwide undergo anesthesia and surgery each year.
Several studies have shown the potential association of previous general anesthesia/surgery
with the development of AD (Bohnen et al., 1994; Lee et al., 2005). However, other studies
have suggested different findings (Avidan et al., 2009; Gasparini et al., 2002; Knopman et
al., 2005). More population studies, especially the adequately powered and multicenter
human studies, are necessary to define the role of anesthesia and surgery in the development
of AD (Harris and Eger, 2008).

Recent studies have suggested that a transient insult, e.g., ischemia, could lead to secondary
and persistent brain injuries (van Groen et al., 2005). The inhalation anesthetics isoflurane
and sevoflurane have been reported to induce such transient insults, including apoptosis,
oligomerization of B-amyloid protein (AB), and Ap accumulation (Dong et al., 2009;
Eckenhoff et al., 2004; Wei et al., 2008; Xie et al., 2008; Xie et al., 2006a; Xie et al., 2006b;
Xie et al., 2007), which may potentially contribute to AD neuropathogenesis. However, the
effects of the inhalation anesthetics on neuroinflammation have not been determined. We
therefore set out to assess the effects of isoflurane, one of the most commonly used
inhalation anesthetics, on the levels of proinflammatory cytokine TNF-a, Interleukin-6
(IL-6) and IL-1 in primary neurons and in brain tissues of both wild type and AD
transgenic mice [B6.Cg-Tg(APPswe, PSEN1dE9)85Dbo/J mice].

Experimental Procedures

Mice anesthesia

Mice were used to assess the potential in vivo effects of isoflurane on levels of
proinflammatory cytokines. The protocol was approved by the Massachusetts General
Hospital Standing Committee on Animals (Boston, Massachusetts) on the Use of Animals in
Research and Teaching. Wild type mice (C57BL/6 mice) and AD transgenic mice [B6.Cg-
Tg (APPswe, PSEN1dE9)85Dbo/J mice] (Jackson Laboratory, Bar Harbor, ME) at 5-8
months old were randomized by weight and gender into either an experimental group that
received 1.4% isoflurane (a clinically relevant concentration) plus 100% oxygen for two
hours or a control group that received 100% oxygen for two hours at an identical flow rate in
identical anesthetizing chambers as previously described (Xie et al., 2008). We chose this
anesthesia because the anesthesia with 2% isoflurane plus 100% oxygen for two hours is
clinically relevant and has been shown to induce caspase activation and increase levels of
BACE and Ap without significant changes in blood pressure and blood gas in the mice at
5-8 month old (Xie et al., 2008). Moreover, the AD transgenic mice used in the experiment
usually start to develop elevated Ap levels during this age range (Garcia-Alloza et al., 2006).
The mice breathed spontaneously, and the concentrations of isoflurane and oxygen were
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measured continuously (Datex, Tewksbury, MA). The temperature of the anesthetizing
chamber was controlled to maintain rectal temperature of mice at 37 + 0.5°C. Anesthesia
was terminated by discontinuing isoflurane and placing animals in a chamber containing
100% oxygen until 20 minutes after the return of their righting reflex. They were then
returned to individual home cages until they were humanely killed.

Primary neurons

Primary neurons were used to assess the potential in vitro effects of isoflurane on levels of
proinflammatory cytokines. Wild type mice and AD transgenic mice with a gestation stage
of day 15 were killed with carbon dioxide. We then performed a cesarean section to harvest
the neurons as previously described (Zhen et al., 2009). Ten days after the harvest, the
neurons were exposed to isoflurane.

Microglia cells

Microglia cells were used to compare the effects of isoflurane on the levels proinflammatory
cytokines between primary neurons and microglia cells. Mice were one day old at the time
of the harvest for microglia cells as described by Saura et al. (Saura et al., 2003) with
modifications. Briefly, the harvested brains were put into F12 media on ice and centrifuged.
The supernatant was aspirated. The brains were incubated in 0.25% trypsin for 30 minutes at
37°C. The cells were passed through 40 pum filters and were seeded to six well plates in
DMEM-F12 with 10%FBS. The medium was replaced every three days for two weeks.
Then, the microglia cells were obtained by mild trypsinization. Specifically, 0.25% trypsin
(diluted 1:4 using serum-free DMEM-F12) was added to the cells and the mixture was
incubated for 20 to 30 minutes at 37°C until the intact layer was detached. The supernatant
after trypsinization was discarded and that cells remaining on the plate were the microglia
cells. This is because the detachment of an intact cell layer will leave a population of cells
firmly attached to the bottom of the well and these cells were identified as predominantly
(>98%) microglia cells by the histochemical markers as described previously (Saura et al.,
2003). Finally, the cells were used next day.

In vitro treatments of neurons and microglia cells

The primary neurons and microglia cells were treated with 2% isoflurane for six hours under
21% 02 and 5% CO?2. This isoflurane treatment is clinically relevant and has been shown to
induce apoptotic cell death and Ap accumulation in H4 human neuroglia cells (Xie et al.,
2006b; Xie et al., 2007) and primary neurons (Zhang et al., 2010). The inhalation anesthetic
isoflurane was delivered from an anesthesia machine to a sealed plastic box in a 37°C
incubator containing six-well plates seeded with 1 million cells, 0.25 million neurons, or
0.25 million microglia cells (80% confluent rate) in 1.5 ml culture media as described before
(Zhang et al., 2010; Zhen et al., 2009). The control condition for the isoflurane treatment
was 21% 02 plus 5% CO2, which has been shown not to induce cell death or A
accumulation (Xie et al., 2006a; Xie et al., 2006b; Xie et al., 2007).

Cell or tissue preparation

The cells and mouse brain tissues were prepared for Western blot analysis as previously
descried (Xie et al., 2008; Zhang et al., 2010; Zhen et al., 2009). Specifically, primary
neurons, microglia cells, or mouse cortices were homogenized in an immunoprecipitation
buffer (10 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40) plus
protease inhibitors [(1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin A) (Roche,
Indianapolis, IN)]. The lysates were collected, centrifuged at 13,000 rpm for 15 minutes, and
quantified for total proteins with a bicinchoninic acid protein assay kit (Pierce, Iselin, NJ).
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Western blot analysis

The Western blot analysis was used to determine the effects of isoflurane on the protein
levels of the proinflammatory cytokines TNF-a, IL-6 and IL-1p. The samples were
subjected to Western blot analysis as previously described (Xie et al., 2008; Zhang et al.,
2010; Zhen et al., 2009). Briefly, 40 g (primary neurons or microglia cells) or 60 pg
(mouse brain tissues) of each lysate was separated on SDS-PAGE gels and transferred to
polyvinylidene difluoride blots (Bio-Rad, Hercules, CA) using a semi-dry electrotransfer
system (Amersham Biosciences, San Francisco, CA). The blot was incubated overnight at
4°C with primary antibodies, followed by washes and incubation with an appropriate
secondary antibody, and visualized with a chemoluminescence system. TNF-a, IL-6 and
IL-1pB levels were recognized by antibody ab9739 (17 kDa, 1:1,000, Abcam, Cambridge,
MA), ab6672 (24 kDa, 1:1,000, Abcam) and ab13784 (17 kDa, 1:1,000, Abcam),
respectively. Antibody to non-targeted protein f-Actin (42 kDa, 1:5,000, Sigma, St. Louis,
MO) was used to control for loading differences in total protein amounts. The signal of the
Western blot band was detected using Molecular Imager VersaDoc MP 5000 System (Bio-
Rad Life Science Research, Hercules, CA). The intensity of signals was analyzed by using a
Bio-Rad image program (Quantity One) and a NIH Image Version 1.37v (NIH, Bethesda,
MD).

Immunohistochemistry

The immunohistochemistry was used to assess the effects of isoflurane on the number of
TNF-a positive cells in mouse brain tissue. The immunohistochemistry was performed as
described by Wang et al. (Wang et al., 2009) with modifications. Specifically, mice were
anesthetized with 2% isoflurane for 5 to 10 seconds, which has been shown not to alter
TNF-a levels (data not shown), and transcardially perfused with heparinized saline followed
by 4% paraformaldehyde in 0.1 M phosphate buffer with a pH of 7.4. Mice brain tissues
were removed and kept at 4°C over night in 4% paraformaldehyde. The sections for
stainings were cut at 5 wm intervals, deparaffinized, and washed. The sections were then
incubated with TNF-a antibody (1:200, ab6671, Abcam) and biotinylated secondary
antibody. The TNF-a immunostaining positive cells in the mouse cortex were counted
manually in five randomly selected areas under a 20x objective microscope by an
investigator who was blinded to the experiments. The cryosections were prepared as
described by Wang et al. (Wang et al., 2009) with modifications. The mice were decapitated
and the brain tissues were obtained. 5 pm sections were cut using a cryostat. Sections were
incubated with the first primary antibody TNF-a (Abcam, ab6671, 1:400) and the second
primary antibody NeuN (mab377, 1:500, Millipore, Billerica, MA) dissolved in 1% BSA in
PBS at 4°C overnight. Next day, the sections were exposed to donkey anti-mouse 1gG-FITC
(1:1,000, Jackson ImmunoResearch Inc., West Grove, PA) and Alexa Fluor®594 goat anti-
rabbit 1gG (1:1,000, Invitrogen, Carlshad, CA) secondary antibodies for one hour at 37°C in
a dark chamber followed by counterstaining with 10 pg/ml Hoechst 33342 at room
temperature for 10 minutes. Finally, the sections were wet mounted and viewed immediately
using a fluorescence microscope. The double immunostaining of TNF-a. [primary antibody:
ab6671, 1:200, Abcam; secondary antibody: DyLight 549 AffiniPure Mouse Anti-Rabbit
1gG (H+L), 1:1000, Jackson ImmunoResearch, West Grove, PA] and GFAP [primary
antibody: ab53554, 1:200, Abcam; secondary antibody: DyL.ight 488 AffiniPure Mouse
Anti-Goat 1gG (H+L) 1:1000, Jackson ImmunoResearch] were performed with a similar
approach.

Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

The RT-PCR was used to assess the effects of isoflurane on the mRNA levels of TNF-a,
IL-6 and IL-1pB in mouse brain tissue. The RNA was obtained as described in the protocol of
RNeasy Mini Kit (Qiagen Inc., Valencia, CA). The RNA concentration was determined
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using NanoDrop ND-1000 Spectrophotometer (Thermo Scientific, Wilmington, DE).
Primers of Mouse TNF-a (ID No., QT00104006), Mouse IL-6 (ID No., QT00098875),
Mouse IL-1f (ID No. QT01048355), Mouse p-actin (ID No. QT01136772) and Mouse
GAPDH (ID No., QT01658692) were purchased from Qiagen (Valencia, CA). Real-time
reverse transcriptase polymerase chain reaction (RT-PCR) was carried out using the
QuantiTect SYBR Green RT-PCR Kit (Qiagen Inc., Valencia, CA). TNF-a, IL-6 and IL-1B
mRNA levels were determined and standardized with both GAPDH and p-actin as internal
controls. The quantification of RT-PCR was performed as described in previous studies
(Livak and Schmittgen, 2001; Peng et al., 2007). Specifically, the delta-delta method was
used to calculate the difference of gene expression. There were six samples in each control
group. Each control was valued against the mean of the control group. The CT number of
each control (e.g., 22) was subtracted by the mean (e.g., 21) of CT numbers from the control
group to have a delta CT value (e.g., 1) for each control. Then, the fold value of each control
was obtained by the 2 9€1aCT (g g, 21 = 2). Finally, the mean of the fold value from each
control was used as the changes in the gene expression. The data were presented as changes
in fold in the target gene expression normalized to two endogenous reference genes
(GAPDH and p-actin). Then t-test was used to determine the difference of the changes (in
fold) between isoflurane-treated cells and control condition-treated cells.

Quantification of TNF-a with Sandwich Enzyme-linked immunosorbant assay (ELISA)

Results

The ELISA was used to assess the effects of isoflurane on extracellular TNF-a protein
levels in primary neurons. TNF-a levels in the media of neurons were measured with a
Quantikine HS (High Sensitivity ELISA) Human TNF-a/TNFSF1A immunoassay kit (R&D
System, Minneapolis, MN) as described by the protocol provided by the company.
Specifically, the polyclonal antibody specific for mouse TNF-a was coated on 96-well
polystyrene microplates. The wells were incubated for two hours at room temperature with
test samples of conditioned cell culture media, and then a polyclonal antibody against mouse
TNF-a conjugated to horseradish peroxidase was added. The plates were then developed
with tetramethylbenzidine reagent, terminated by stop solution, and the well absorbance was
measured at 450 nm. TNF-a levels in the test samples were determined by comparing
results with signals from unconditioned media spiked with known quantities of TNF-a..
Statistics- Data were expressed as mean + SD. The number of samples varied from 3to0 9,
and the samples were normally distributed. ANOVA with post-hoc adjustment or a t-test
was used to compare the differences from the control group. P-values less than 0.05 (* or #)
and 0.01 (** or ##) were considered statistically significant. The significance testing was
two-tailed, and SAS software (Cary, NC) was used to analyze the data.

Isoflurane increased levels of proinflammatory cytokines in brain tissues of wild type mice

Neuroinflammation has been reported to cause cognitive impairment in humans (Hauss-
Wegrzyniak et al., 2000; Hoogman et al., 2007; Langdon et al., 2008) and learning/memory
impairment in animals (Liu et al., 2007; Pikis et al., 1996; Schmidt et al., 2006). TNF-a,
IL-6, and IL-1p are proinflammatory cytokines, which have been reported to be associated
with learning/memory impairment (Reichenberg et al., 2001; Sparkman et al., 2006; Weaver
et al., 2002). Moreover, it has been reported that AD patients have elevated blood levels of
TNF-a and IL-1 (Tan et al., 2007). We therefore set out to determine the effects of the
commonly used inhalation anesthetic isoflurane on the levels of TNF-a, IL-6 and IL-1p.

Wild type mice were subjected to anesthesia with 1.4% isoflurane for two hours and the
brain tissues were harvested at the end of the anesthesia as previously described (Xie et al.,
2008). TNF-a immunoblotting revealed that the anesthesia with 1.4% isoflurane for two
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hours yielded visible increases in the levels of TNF-a at 6 (Figure 1A), 12 (Figure 1B) and
24 (Figure 1C) hours after the anesthesia; quantification of the results showed that the
isoflurane anesthesia led to a 178% (P = 0.0001), 167% (P = 0.0002) and 156% (P = 0.0004)
increase in TNF-a levels 6, 12 and 24 hours after the anesthesia, respectively (Figure 1D).

The isoflurane-induced increases of TNF-a levels could be due to the increase in generation
or decrease in degradation of TNF-a.. We therefore assessed the effects of the isoflurane
anesthesia on the mRNA levels of TNF-a. We were able to show that the isoflurane
anesthesia increased the mRNA levels of TNF-a in the brain tissues of the mice 6 (2.2 fold,
P =0.011), 12 (2.3 fold, P = 0.004) and 24 (2.6 fold, P = 0.006) hours after the anesthesia,
respectively (Figure 1E), using GAPDG as an internal control. Similar results were found
when p-actin was used as an internal control (Figure 1F). Collectively, these results suggest
that isoflurane may induce neuroinflammation by increasing the levels of proinflammatory
cytokine TNF-a in the brain tissues of mice. Moreover, the findings that the isoflurane
anesthesia can increase the mRNA levels of TNF-a in mouse brain tissue suggest that
isoflurane may increase the TNF-a levels by increasing TNF-a generation.

Next, we asked whether isoflurane can increase levels of other proinflammatory cytokines.
We therefore set out to determine the effects of the isoflurane anesthesia on both protein and
mRNA levels of proinflammatory cytokine IL-6 and IL-1p in the brain tissues of wild type
mice. We were able to show that the isoflurane anesthesia increased protein levels of IL-6
(Figure 2A - 2D) and IL-1p (Figure 3A — 3D). Moreover, we were able to show that the
isoflurane anesthesia increased the mRNA levels of IL-6 (Figure 2E) and IL-1p (Figure 3E)
in the brain tissues of the mice 6, 12 and 24 hours after the anesthesia, using GAPDG as an
internal control. Similar results were found when B-actin was used as an internal control
(Figure 2F and 3F). These findings suggest that isoflurane may induce neuroinflammation
by increasing the levels of proinflammatory cytokine IL-6 and IL-1f /n vivo.

Isoflurane increased the amount of TNF-a immunostaining positive cells in brain tissues of
wild type mice

Given that isoflurane can increase the protein levels of TNF-a /77 vivo, we then asked
whether the isoflurane anesthesia can also increase the amount of TNF-a immunostaining
positive cells in brain tissues of wild type mice. Wild type mice were subjected to anesthesia
with 1.4% isoflurane for two hours as previously described (Xie et al., 2008). The mice were
perfused and euthanized 6, 12, and 24 hours after the anesthesia, and the brain tissues were
harvested for immunohistochemistry studies. TNF-a immunohistochemistry showed that the
isoflurane anesthesia increased the amounts of TNF-a immunostaining positive cells 6
(Figure 4A), 12 (Figure 4B), and 24 (Figure 4C) hours after the isoflurane anesthesia.
Quantification of the immunohistochemistry sections showed that the isoflurane anesthesia
led to a 266% (P = 0.0002), 274% (P = 0.00006), and 269% (P = 0.0007) increases in TNF-
a immunostaining positive cells as compared to control conditions 6, 12, and 24 hours after
the anesthesia, respectively (Figure 4D). These results further suggest that isoflurane may
increase the levels of proinflammatory cytokine TNF-a in the brain tissues of wild type
mice.

Furthermore, we assessed the cell types of these TNF-a immunostaining positive cells by
double immunohistochemistry staining. As can be seen in figures 5B and 5C (intensified
figure 5B), panel a shows immunohistochemistry staining of TNF-a (red) in the brain cortex
of mice 12 hours after the isoflurane anesthesia, panel b shows the immunohistochemistry
staining of neurons (green) detected by NeuN antibody, panel ¢ shows the
immunohistochemistry staining of nuclei (blue) detected by Hoechst33342. Panel d shows
the immunohistochemistry staining of the combined images of TNF-a (red) and NeuN
(green), and panel e shows the combined image of TNF-a (red), NeuN (green), and
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Hoechst33342 (blue). These images suggest that the majority (rather than entire) of the
isoflurane-induced TNF-a immunostaining positive cells (indicated by the white bar) in the
brain tissues were neurons (Figure 5B and 5C). In addition, the double
immunohistochemistry staining of TNF-a and GFAP (detecting astrocytes) showed that the
majority of the TNF-a immunostaining positive cells in the brain tissues of mice following
the isoflurane anesthesia were not astrocytes (Figure 5D).

Isoflurane increased TNF-a levels in primary neurons, but not in microglia cells

Given the findings that the majority of the isoflurane-induced TNF-a immunostaining
positive cells in the brain tissues were neurons, we set out to confirm these findings by
assessing the effects of isoflurane on TNF-a levels in both primary neurons and microglia
cells from mice.

The primary neurons were subjected to anesthesia with 2% isoflurane for six hours as
previously described (Xie et al., 2006a; Xie et al., 2006b; Xie et al., 2007). The neurons
were harvested at the end of the anesthesia. We assessed the effects of isoflurane on TNF-a
levels in the neurons using quantitative Western blots analyses. The treatment with 2%
isoflurane for six hours increased levels of TNF-a in the primary neurons from wild type
mice (Figure 6A). Quantification of the Western blot revealed that the isoflurane treatment
led to a 333% (Figure 6B, P = 0.001) increase in the TNF-a levels as compared to the
control condition. Moreover, we were able to show that the isoflurane treatment increased
the extracellular TNF-a levels, detected by ELISA sandwich, as compared to the control
condition: 100% versus 179% (Figure 6C, P = 0.026). In addition, we showed that the
isoflurane treatment increased the mRNA levels of TNF-a as compared to the control
condition (Figure 6D): one versus five fold, P = 0.006. Taken together, these results suggest
that isoflurane may increase the generation of TNF-a (in contrast to facilitating the release
of the TNF-a)) in the neurons. Finally, the isoflurane treatment also increased TNF-a. levels
in the primary neurons from AD transgenic mice [B6.Cg-Tg(APPswe, PSEN1dE9)85Dbo/
J]: 100% versus 266% (Figure 6E and 6F, P = 0.0004).

Furthermore, we found that the isoflurane treatment did not increase TNF-a levels in the
microglia cells (Figures 7A, 7B, and 7C). These findings suggest that the isoflurane-induced
increases in TNF-a levels could be cell-type dependent, and isoflurane may specifically
enhance the generation of TNF-a in neurons, leading to increases in the levels of TNF-a in
the brain tissues of mice, and consequently neuroinflammation.

Isoflurane anesthesia led to a greater degree of increase in TNF-a levels in AD transgenic

mice
Finally, we were able to show that the isoflurane anesthesia induced a greater degree of
increases in TNF-a levels in the brain tissues of AD transgenic mice as compared to that in
the wild type mice: 373% versus 195%, P = 0.012 (Figure 8A and 8B). These results suggest
that the higher A levels in the AD transgenic mice may potentiate the isoflurane-induced
increases in TNF-a levels.

Discussion

We have previously shown that the commonly used inhalation anesthetic isoflurane can
induce cellular apoptosis and increase AP generation, parts of the AD neuropathogenesis, /n
vitroand in vivo (Xie et al., 2008; Xie et al., 2006a; Xie et al., 2006b; Xie et al., 2007).
Recent studies have suggested that AD neuropathogenesis may also include
neuroinflammation [reviewed in (Akiyama et al., 2000; Cameron and Landreth, 2009;
Heneka and O’Banion, 2007; Sastre et al., 2006)]. We therefore set out to determine the
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effects of isoflurane on levels of proinflammatory cytokine TNF-a IL-6 and IL-1( /n vitro
and in vivo.

We have shown for the first time that a clinically relevant concentration of isoflurane may
induce neuroinflammation by enhancing levels of proinflammatory cytokines TNF-a., IL-6,
and IL-1p in the primary neurons and brain tissues of both wild type and AD transgenic
mice [B6.Cg-Tg(APPswe, PSEN1dE9)85Dbo/J]. Isoflurane may increase these
proinflammatory cytokine levels by enhancing their generations. Furthermore, isoflurane
may mostly (but not uniquely) act on neurons to increase TNF-a levels. Finally, isoflurane
can induce a greater degree of TNF-a increase in the AD transgenic mice than in the wild
type mice.

It is interesting that isoflurane increased the TNF-a levels in the neurons, but not in the
microglia cells, in our current experiments. These results suggest that the isoflurane-induced
increases in TNF-a levels could be dependent on the cell type. Traditionally, it has been
suggested that neurons are not involved in neuroinflammation. However, recent studies have
revealed that neurons can also produce inflammatory factors [reviewed in (Cameron and
Landreth, 2009; Heneka and O’Banion, 2007)]. Specifically, it has been shown that neurons
can produce proinflammatory cytokines including IL-6 and TNF-a [(Botchkina et al., 1997;
Gong et al., 1998; Grammas and Ovase, 2001; Hoozemans et al., 2004; Murphy et al., 1999;
Orzylowska et al., 1999; Suzuki et al., 1999; Szczepanik et al., 2001); reviewed in (Cameron
and Landreth, 2009; Heneka and O’Banion, 2007)], which could lead to neuroinflammation.
Taken together, the findings from our studies suggest that environmental factors, e.g.,
anesthesia, may affect neurons, leading to increases in proinflammatory cytokines and
induction of neuroinflammation.

The underlying molecular mechanism by which isoflurane selectively affects neurons to
increase TNF-a levels remains to be determined. It has been shown that nuclear factor
kappa B (NFxB)-dependent pathway is required for cytokine gene transcription (Combs et
al., 2001). Receptor for advanced glycation end products (RAGE) is involved in the
generation of cytokine (Fang et al., 2009; Yan et al., 1998). Isoflurane may regulate the
NFxB-dependent pathway and RAGE in neurons and microglia cells differently, and thus
increase the TNF-a levels in neurons, but not in microglia cells. It is therefore important to
further investigate whether isoflurane may have different effects on the NFxB-dependent
pathway and RAGE between neurons and microglia cells in the future studies. The results
from these studies would help us to understand not only the effects of isoflurane on TNF-a
metabolism, but also the molecular mechanisms of anesthetics-induced neurotoxicity, e.g.,
neuroinflammation.

We have found that the isoflurane anesthesia can induce a greater degree of TNF-a
elevation in the AD transgenic mice as compared to that in the wild type mice, which is
likely due to the higher baseline levels of TNF-a in the AD transgenic mice. These finding
suggest that AD transgenic mice could be more susceptible to develop neuroinflammation
following the isoflurane anesthesia. Given that increasing evidence suggest the role of
neuroinflammation in the neuropathogenesis of AD and other neurodegenerative diseases
[reviewed in (Cameron and Landreth, 2009; Heneka and O’Banion, 2007)], the findings
from the current experiments may raise novel concerns regarding the use of isoflurane, a
commonly used anesthetic, in patients with or at risk for neurodegenerative diseases, e.g.,
AD. A study by Groen et al. (van Groen et al., 2005) showed that a transient ischemia insult
can increase levels of APP and A in the ischemia area, and persistent APP and AP deposits
in a different region of the brain 9 months after the initial insult. The inhalation anesthetic
isoflurane has been shown to induce acute apoptosis, Ap accumulation, and
neuroinflammation, which may lead to long-term damage to brain.
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The increases in the TNF-a levels detected in the conditioned medium of neuronal cultures
by ELISA (Figure 6C) were relatively modest as compared to those detected by Western
blot analysis (Figure 6A and 6B). This is likely due to the fact that we did not use a
denaturation step to liberate the TNF-a from soluble receptors in these ELISA studies.
Moreover, in the present experiment we were unable to obtain cerebrospinal fluid from the
mice for the measurement of the soluble TNF-a, IL-6 and IL-1p because the amount of
cerebrospinal fluid in mice is small. We plan to develop microdialysis technology and to use
it to assess the effects of isoflurane on the levels of soluble cytokines, which actually matter
in term of mediating inflammatory processes and toxicity of neurons.

The identification of single nucleotide polymorphisms in the TNF-a gene that are linked to
AD (Collins et al., 2000; Lio et al., 2006; Ramos et al., 2006) and the epidemiology study
(Tan et al., 2007) strongly support the hypothesis that TNF-a contributes to AD
neuropathogenesis. However, whether the isoflurane-induced elevation of TNF-a in the
present experiment is a transient or long-term effect remains to be determined. Moreover,
TNF-a has also been suggested to have neuroprotective effects (Orellana et al., 2007).
Therefore, it is premature to conclude that the isoflurane-induced elevation of TNF-a,, I1L-6,
and IL-1p in the present studies will lead only to deleterious outcomes. The studies to
determine the potential association between the isoflurane-induced learning/memory
impairment and isoflurane-induced elevation of proinflammatory cytokines will be the next
step to further test the hypothesis that isoflurane can induce neuroinflammation, leading to
neurotoxicity.

The current studies are also limited by missing the behavioral data which would show that
isoflurane can induce learning and memory impairments as described in other studies
(Bianchi et al., 2008; Culley et al., 2004). In the future studies we should assess whether the
isoflurane anesthesia (1.4% isoflurane for two hours) can lead to learning and memory
impairment, e.g., increase in the time to complete the radical arm maze; and whether these
behavioral effects are associated with the isoflurane-induced biochemistry changes, e.g., Ap
accumulation and neuroinflammation.

Even our /n vitro and in vivo studies together with the findings from other laboratories have
suggested that isoflurane may affect AD neuropathogenesis, the conclusion that the
inhalational anesthetic isoflurane promotes AD neuropathogenesis cannot be made at this
moment. It is necessary to perform further studies, especially the /7 vivo relevance of these
effects of isoflurane in humans, to either rule in or rule out the contribution of isoflurane in
the AD neuropathogenesis.

In conclusion, we have found that isoflurane can increase the levels of proinflammatory
cytokine TNF-a, IL-6, and IL-1a, which would lead to neuroinflammation. Isoflurane may
increase the TNF-a levels by enhancing its generation. Moreover, isoflurane may
specifically affect neurons to increase the TNF-a levels. Finally, isoflurane may induce a
greater degree of neuroinflammation in the AD transgenic mice. These results reveal several
new insights regarding the neurotoxicity of anesthesia and AD neuropathogenesis, and will
hopefully advance the field in determining the role of anesthesia in AD neuropathogenesis.
Ultimately, these efforts will lead to safer and better anesthesia care for patients, especially
senior and AD patients.
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Figure 1. Anesthesia with 1.4% isofluranefor two hoursincreasesthe protein and mRNA levels
of TNF-a in brain tissues of wild type mice

A. The anesthesia with 1.4% isoflurane for two hours (lane 2) increases TNF-a levels as
compared to control condition (lane 1) in the brain tissues of wild type mice 6 hours after the
anesthesia. B. The anesthesia with 1.4% isoflurane for two hours (lane 2) increases TNF-a
levels as compared to control condition (lane 1) in the brain tissues of wild type mice 12
hours after the anesthesia. C. The anesthesia with 1.4% isoflurane for two hours (lane 2)
increases TNF-a levels as compared to control condition (lane 1) in the brain tissues of wild
type mice 24 hours after the anesthesia. D. Quantification of the Western blot shows that the
isoflurane anesthesia increases TNF-a levels as compared to control condition (white bar) in
the brain tissues of wild type mice 6 (gray bar), 12 (black bar) and 24 (net bar) hours after
the anesthesia, normalized to B-Actin levels. E. RT-PCR (GAPDH as an internal control)
shows that the isoflurane anesthesia increases TNF-a. mRNA levels as compared to the
control condition (white bar) in the brain tissues of wild type mice 6 (gray bar), 12 (black
bar) and 24 (net bar) hours after the anesthesia. F. RT-PCR (pB-Actin as an internal control)
shows that the isoflurane anesthesia increases TNF-a mRNA levels as compared to the
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control condition (white bar) in the brain tissues of wild type mice 6 (gray bar), 12 (black
bar) and 24 (net bar) hours after the anesthesia. Data are means + S.D., n = 6 for each
experimental group. A t-test was used to compare the difference between control group and
the isoflurane anesthesia group (* p<0.05; ** p<0.01).
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Figure 2. Anesthesia with 1.4% isoflurane for two hoursincreasesthe protein and mRNA levels
of IL-6in brain tissues of wild type mice

A. The anesthesia with 1.4% isoflurane for two hours (lane 2) increases IL-6 levels as
compared to control condition (lane 1) in the brain tissues of wild type mice 6 hours after the
anesthesia. B. The anesthesia with 1.4% isoflurane for two hours (lane 2) increases IL-6
levels as compared to control condition (lane 1) in the brain tissues of wild type mice 12
hours after the anesthesia. C. The anesthesia with 1.4% isoflurane for two hours (lanes 4 to
6) increases IL-6 levels as compared to control condition (lanes 1 to 3) in the brain tissues of
wild type mice 24 hours after the anesthesia. D. Quantification of the Western blot shows
that the isoflurane anesthesia increases IL-6 levels as compared to control condition (white
bar) in the brain tissues of wild type mice 6 (gray bar), 12 (black bar) and 24 (net bar) hours
after the anesthesia, normalized to p-Actin levels. E. RT-PCR (GAPDH as an internal
control) shows that the isoflurane anesthesia increases IL-6 mRNA levels as compared to the
control condition (white bar) in the brain tissues of wild type mice 6 (gray bar), 12 (black
bar) and 24 (net bar) hours after the anesthesia. F. RT-PCR (p-Actin as an internal control)
shows that the isoflurane anesthesia increases IL-6 mRNA levels as compared to the control
condition (white bar) in the brain tissues of wild type mice 6 (gray bar), 12 (black bar) and
24 (net bar) hours after the anesthesia. Data are means + S.D., n = 6 for each experimental
group. A t-test was used to compare the difference between control group and the isoflurane
anesthesia group (* p<0.05; ** p<0.01).
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Figure 3. Anesthesia with 1.4% isofluranefor two hoursincreasesthe protein and mRNA levels
of IL-1B in brain tissues of wild type mice

A. The anesthesia with 1.4% isoflurane for two hours (lanes 3 and 4) moderately increases
IL-6 levels as compared to control condition (lanes 1 and 2) in the brain tissues of wild type
mice 6 hours after the anesthesia. B. The anesthesia with 1.4% isoflurane for two hours
(lanes 3 and 4) increases IL-6 levels as compared to control condition (lanes 1 and 2) in the
brain tissues of wild type mice 12 hours after the anesthesia. C. The anesthesia with 1.4%
isoflurane for two hours (lanes 3 and 4) increases IL-6 levels as compared to control
condition (lanes 1 to 2) in the brain tissues of wild type mice 24 hours after the anesthesia.
D. Quantification of the Western blot shows that the isoflurane anesthesia significantly
increases IL-6 levels as compared to control condition (white bar) in the brain tissues of wild
type mice 12 (black bar) and 24 (net bar), but not 6 (gray bar), hours after the anesthesia,
normalized to B-Actin levels. E. RT-PCR (GAPDH as an internal control) shows that the
isoflurane anesthesia increases IL-1p mMRNA levels as compared to the control condition
(white bar) in the brain tissues of wild type mice 6 (gray bar), 12 (black bar) and 24 (net bar)
hours after the anesthesia. F. RT-PCR (B-Actin as an internal control) shows that the
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isoflurane anesthesia increases IL-1p mRNA levels as compared to the control condition
(white bar) in the brain tissues of wild type mice 12 (black bar) and 24 (net bar), but not 6
(gray bar), hours after the anesthesia. Data are means + S.D., n = 6 for each experimental
group. A t-test was used to compare the difference between control group and the isoflurane
anesthesia group (* p<0.05).
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Figure 4. Anesthesiawith 1.4% isofluranefor two hours enhancesthe amounts of TNF-a
immunostaining positive cellsin brain tissues of wild type mice

A. Immunohistochemistry studies show that the isoflurane anesthesia enhances the amounts
of TNF-a immunostaining positive cells in the brain tissues of wild type mice as compared
to the control condition 6 hours after the anesthesia. B. Immunohistochemistry studies show
that the isoflurane anesthesia enhances the amounts of TNF-a immunostaining positive cells
in the brain tissues of wild type mice as compared to the control condition 12 hours after the
anesthesia. C. Immunohistochemistry studies show that the isoflurane anesthesia enhances
the amounts of TNF-a immunostaining positive cells in the brain tissues of wild type mice
as compared to the control condition 24 hours after the anesthesia. D. Quantification of the
immunohistochemistry image shows that the isoflurane anesthesia enhances the amounts of
TNF-a immunostaining positive cells compared with control condition (white bar) in the
brain tissues of wild type mice 6 (gray bar), 12 (black bar) and 24 (net bar) hours after the
anesthesia. Data are means + S.D., n = 5 for each experimental group. A t-test was used to
compare the difference between control group and the isoflurane anesthesia group (**
p<0.01). (Original magnification x 200).
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Figure5. Isoflurane-induced TNF-a immunostaining positive cells are mainly neurons

A. Immunofluorescence photomicrographs of TNF-a immunostaining positive cells in
mouse cortex 12 hours after control condition. a. Immunofluorescence photomicrographs of
TNF-a (red). b. Immunofluorescence photomicrographs of NeuN (green) to detect neurons.
c. Hoechst33342 (blue) as a nuclear counterstaining. d. Merged TNF-a (red) and NeuN
(green) immunofluorescence photomicrographs. The white arrow indicates that the overlap
of TNF-a immunostaining positive cell and NeuN positive cells (yellow). e. Merged TNF-a
(red), NeuN (green) and nuclei (blue) immunofluorescence photomicrographs, the white
arrow indicates that the overlap of TNF-a immunostaining positive cell, NeuN positive cells
and nuclei. (Original magnification x 200). B. Immunofluorescence photomicrographs of
TNF-a immunostaining positive cells in mouse cortex 12 hours after an anesthesia with
1.4% isoflurane for two hours with same immunostaining (a to €) as those in Figure 5A. C.
Intensified image (x2) of Figure 5B. D. Immunofluorescence photomicrographs of TNF-a
immunostaining positive cells in mouse cortex 12 hours after an anesthesia with 1.4%
isoflurane for two hours. a. Immunofluorescence photomicrographs of TNF-a. (red). b.
Immunofluorescence photomicrographs of GFAP (green) to detect astrocytes. c.
Hoechst33342 (blue) as a nuclear counterstaining. d. Merged TNF-a (red) and GFAP
(green) immunofluorescence photomicrographs. The white arrow indicates that the GFAP
immunostaining positive cell is not TNF-a immunostaining positive cell. e. Merged TNF-a
(red), GFAP (green) and nuclei (blue) immunofluorescence photomicrographs, the white
arrow indicates that the GFAP immunostaining positive cell is not TNF-a. immunostaining
positive cell. (Original magnification x 200, intensified image x2).
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Figure 6. Treatment with 2% isoflurane for six hoursincreases TNF-a levelsin the primary
neurons from wild type and AD transgenic mice

A. The treatment with 2% isoflurane for six hours (lanes 4 to 6) increases TNF-a. levels as
compared to control condition (lanes 1 to 3) in the primary neurons from wild type mice. B.
Quantification of the Western blot shows that the isoflurane treatment (black bar) increases
TNF-a levels as compared to control condition (white bar), normalized to p-Actin levels. C.
ELISA sandwich assay shows that the isoflurane treatment (black bar) increases soluble
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TNF-a levels in the conditioned media as compared to control condition (white bar) in the
primary neurons from wild type mice. D. RT-PCR shows that the isoflurane treatment (black
bar) increases mMRNA levels of TNF-a as compared to control condition (white bar) in the
primary neurons of wild type mice. E. The treatment with 2% isoflurane for six hours (lanes
5 to 8) increases TNF-a levels as compared to control conditions (lanes 1 to 4) in the
primary neurons of AD transgenic. F. Quantification of the Western blot shows that the
isoflurane treatment (black bar) increases TNF-a levels as compared to control condition
(white bar) in the primary neurons of AD transgenic mice, normalized to B-Actin levels.
Data are means + S.D., n = 4 to 8 for each experimental group. A t-test was used to compare
the difference between control group and the treatment group (* p<0.05; ** p<0.01).
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Figure 7. Treatment with 2% isoflurane for six hoursdoes not increase TNF-a levelsin the
microglia cells from the wild type mice

A. The treatment with 2% isoflurane for six hours (lanes 4 to 6) does not increase TNF-a
levels as compared to control condition (lanes 1 to 3) in the microglia cells. B.
Quantification of the Western blot shows that the isoflurane treatment does not increase
TNF-a levels as compared to control condition (white bar) in the microglia cells,
normalized to B-Actin levels. C. ELISA sandwich assay shows that the isoflurane treatment
(black bar) does not increase soluble TNF-a levels in the conditioned media as compared to
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control condition (white bar) in the microglia cells. Data are means + S.D., n = 6 for each

experimental group. A t-test was used to compare the difference between control group and
the isoflurane anesthesia group.
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Figure 8. Isofluraneinduces a greater increase of TNF-a levelsin the brain tissues of AD
transgenic mice than wild type mice

A. The anesthesia with 1.4% isoflurane for two hours (lanes 4 to 6 and 10 to 12) increases
TNF-a protein levels as compared to control conditions (lanes 1 to 3 and 7 to 9) in the wild
type mice and the AD transgenic mice, respectively. The TNF-a levels following the
isoflurane anesthesia in the AD transgenic mice (lanes 10 to 12) are higher than those in the
wild type mice (lanes 4 to 6). There is no significant difference in the amounts of B-Actin in
control conditions or isoflurane-treated wild type or AD transgenic mice. B. Quantification
of the Western blot shows that the isoflurane anesthesia (black bar and net bar) increases
TNF-a levels as compared to control conditions (white bar and gray bar) in the wild type
mice and the AD transgenic mice, respectively. The TNF-a levels following the isoflurane
anesthesia in the AD transgenic mice (net bar) are higher than those in the wild type mice
(black bar). Data are means + S.D., n = 3 for each experimental group. ANOVA was used to
compare the difference in TNF-a levels between control condition and the isoflurane
anesthesia (* p<0.05), and the differences in TNF-a levels between the wild type mice and
the AD transgenic mice (# p<0.05; ## p<0.01).
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