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ABSTRACT

The commonly used general anesthetic isoflurane induces wide-
spread neurodegeneration in the developing mammalian brain
through poorly understood mechanisms. We have investigated
whether excessive Ca®* release from the endoplasmic reticulum
via overactivation of inositol 1,4,5-trisphosphate receptors
(InsP5Rs) is a contributing factor in such neurodegeneration in
rodent primary cultured neurons and developing rat brain. We also
investigated the correlation between isoflurane exposure and cog-
nitive decline in rats at 1 month of age. Our results show that
isoflurane increases cytosolic calcium in the primary cortical neu-
rons through release from the endoplasmic reticulum and influx
from the extracellular space. Pharmacological inhibition of InsP;R
activity and knockdown of its expression nearly abolishes the
isoflurane-mediated elevation of the cytosolic calcium concentra-

tion and cell death in rodent primary cortical and hippocampal
neurons. Inhibition of InsP4R activity by its antagonist xestospon-
gin C significantly inhibits neurodegeneration induced by isoflu-
rane at clinically used concentration in the developing brain of
postnatal day 7 rats. Moreover, our results show that isoflurane
activates B-site amyloid B precursor protein-cleaving enzyme via
activation of the InsP;R. We also noted that mice exposed to
isoflurane during early postnatal development showed transient
memory and learning impairments, which did not correlate well
with the noted neuropathological defects. Taken together, our
results suggest that Ca®™ dysregulation through overactivation of
the InsP;R may be a contributing factor in the mechanism of
isoflurane-induced neurodegeneration in rodent neuronal cell cul-
ture and during brain development.

More than 200 million people undergo surgery annually
worldwide, most of which is carried out under general anes-
thesia using inhalational anesthetics such as isoflurane,
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sevoflurane, or desflurane. Although these anesthetics are
considered to be generally safe and effective, several studies
have implicated them in postoperative cognitive decline. For
example, cognitive decline has been documented in both mid-
dle-aged and older patients several months after anesthesia
and surgery, and cognitive decline at 1 week after surgery is
correlated with the duration of anesthesia (Moller et al.,
1998). Likewise, isoflurane alone causes learning and mem-
ory deficits in older rodents several weeks after exposure
(Culley et al., 2004; Bianchi et al., 2008). At the other ex-
treme of age, isoflurane has been associated with a massive
increase in neonatal apoptosis and subsequent learning im-
pairments in the rodent (Jevtovic-Todorovic et al., 2003; Ma
et al., 2007; Wang et al., 2009). Recent retrospective work
suggests a greater incidence of learning disabilities in chil-
dren having anesthesia and surgery before the age of 4,
especially with accumulated anesthesia and surgeries (Kalk-
man et al., 2009; Wilder et al., 2009). These results suggest
that isoflurane may induce neurotoxicity and subsequent

ABBREVIATIONS: ER, endoplasmic reticulum; InsPj, inositol 1,4,5-trisphosphate; InsP3R, InsP5 receptor; LDH, lactate dehydrogenase; MTT,
3-(4,5-dimethyithiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; MWM, Morris water maze; ANOVA, analysis of variance; DIV, day in vitro; siRNA,
small interfering RNA; PCR, polymerase chain reaction; PI, propidium iodide; [Ca?*],, cytosolic calcium concentration; PBST, phosphate-buffered
saline with 0.1% Tween 20; VGCC, voltage-gated Ca?* channel; BBB, blood-brain barrier.
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cognitive decline, but the cellular and molecular mechanisms
of these effects are not clear. More importantly, it is not clear
whether anesthetic-mediated neuropathological defects are
the direct cause of the cognitive decline seen in many animal
models.

Isoflurane exposure has been shown to cause cell damage
in various neuronal and non-neuronal tissues and cells, in-
cluding hippocampal slices (Wise-Faberowski et al., 2005),
lymphocytes (Wei et al., 2008; Yang et al., 2008), neurogli-
oma cells (Xie et al., 2007; Zhang et al., 2008), hepatocytes
(Malledant et al., 1990), gingival fibroblasts (Chang and
Chou, 2001), the PC12 neurosecretory cell line (Wei et al.,
2007; Liang et al., 2008), and striatal neurons (Wei et al.,
2008). Interestingly, these cells have different intrinsic vul-
nerability to anesthetic toxicity, with lymphocytes generally
being more vulnerable than neurons (Wei et al., 2005, 2008;
Liang et al., 2008). The InsP;R on the endoplasmic reticulum
(ER) membrane and calcium release from the ER is a key
element of an important, prevalent, and highly conserved
second messenger system (Berridge, 1993), but its prolonged
activation may initiate apoptosis and thereby contribute to
altered neurogenesis or synaptogenesis in the neonate (Sed-
lak and Snyder, 2006). In our previous studies (Wei et al.,
2008; Yang et al., 2008), we showed that inositol 1,4,5-
trisphosphate receptor (InsP;R) null lymphocytes were resis-
tant to isoflurane-mediated calcium release from the ER and
cell death by apoptosis, suggesting a critical role for overac-
tivation of InsP;R in anesthetics-mediated cell death in these
cells. However, it is not clear whether overactivation of
InsP;Rs and the subsequent excessive Ca®" release from the
ER play a role in neurodegeneration in both primary neuro-
nal cultures and the developing brain. Moreover, it is not
clear whether such excessive Ca®" release from the ER is a
contributing factor in cognitive decline in rats exposed to
isoflurane during early postnatal development. In this study,
we examined whether isoflurane-induced neurodegeneration
in rodent primary neuronal cell cultures and the developing
brain occurs through disruption of intracellular calcium ho-
meostasis via overactivation of the InsP;R. Isoflurane has
been previously implicated in increasing the activity of the
B-site amyloid B precursor protein (APP)-cleaving enzyme
(BACE) (Xie et al., 2007) and apoptosis regulatory proteins
(Bcel-x1, Bax) (Wei et al., 2005). Thus, we investigated the
relationship between the levels of these proteins and InsP;R
activation.

Materials and Methods

The Institutional Animal Care and Use Committee at the Univer-
sity of Pennsylvania (Philadelphia, PA) approved the use of all ani-
mals and experimental procedures and protocols in this study, and
the study conforms to National Institutes of Health Guidelines.

In Vitro Studies

Cell Culture. We used primary neuronal cell cultures from both
rat and mouse because they are vulnerable to anesthetic-induced
neurodegeneration during brain development (Ma et al., 2007; Wang
et al., 2009). Specifically, we used primary hippocampal and cortical
neuronal cell cultures, given the importance of these brain regions in
learning and memory. Rat and/or mouse primary cortical or hip-
pocampal neurons were cultured as previously described (Wei et al.,
2005, 2007). In brief, the cortices and hippocampus were dissected
from embryonic brain (E16—17 mice or E18 rats), and the meninges
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were removed. Cells were dissociated by trypsinization and tritura-
tion, followed by DNase treatment. The dissociated cells were resus-
pended in serum-free B27/neurobasal medium and plated at a den-
sity of 150 to 300 cells/cm? on poly(D-lysine)-coated 24-well plates.
Cultures were maintained in serum-free B27/neurobasal medium in
a humidified atmosphere (5% CO,, 95% air) at 37°C. More than 95%
of the mixed cells present on day 5 in vitro (DIV 5) differentiate into
neurons, as characterized by the appearance of long neurites ex-
pressing neurofilament protein. Half of the medium was changed
every 4th day. Primary, mixed cortical (cortex and hippocampal), or
hippocampal neurons (DIV 5-8) were used in all in vitro studies.

siRNA Transfection and Knockdown of InsP;R Expression.
We used the small interfering RNA (siRNA) against rat InsP;R type
1 (GenBank accession number: NM_001007235; target sequence:
AAG GCC TAC ATG CAA GGC GAA) and control siRNA: AllStars
Neg. siRNA AF 488 (QIAGEN, Valencia, CA). Rat cortical neurons at
DIV 5 were transfected in either 96-well plates with 10 pmol of
siRNA or six-well plates with 25 pmol of siRNA by using Lipo-
fectamine 2000 Transfection Reagent (Invitrogen, Carlsbad, CA).
siRNA and Lipofectamine each were diluted in the culture medium
and then mixed together for 20 min. Cells were incubated with
transfection mixture for 6 h at 37°C in a culture incubator. There-
after, the media in the wells were changed to that without transfec-
tion mixture. Total RNA was then harvested 7 days after transfec-
tion (DIV 12) for real-time polymerase chain reaction (PCR) to
determine the InsP;R knockdown efficiency.

Anesthetic Exposures. Primary cortical or hippocampal neu-
rons cultured from rat or mice pups were exposed to 2.4% isoflurane
for 24 h in a gas-tight chamber inside the culture incubator, with
humidified 5% CO4/21% Oy/balance N, going through a calibrated
agent-specific vaporizer as described previously (Wei et al., 2005,
2008). Gas-phase concentrations in the gas chamber and anesthetic
concentrations in the medium were monitored and maintained
throughout experiments as described previously (Wei et al., 2005).
We chose to expose our neuronal cultures to isoflurane for 24 h
because our previous studies indicated that they require much
longer exposure than lymphocytes for isoflurane-mediated cell death
(Wei et al., 2005, 2008).

Cytotoxicity Assays. To determine the effects of suppression of
the InsP;R caused by isoflurane-induced neurotoxicity, we treated
rat primary cortical neurons at DIV 11 (6 days after InsP;R siRNA
transfection or its negative control) with 2.4% isoflurane or carrying
gas for 24 h. Immediately after treatment, 3-(4,5-dimethyithiazol-2-
yD-2,5-diphenyl-tetrazolium bromide (MTT) reduction (early cell
damage) and lactate dehydrogenase (LDH) release (late cell damage)
were performed to determine the cytotoxicity of isoflurane in the
presence or absence of InsP;R knockdown. The inhibition of isoflu-
rane-induced cytotoxicity by the InsP4R blocker, xestospongin C, was
also assessed by the MTT reduction and LDH release assays and
propidium iodide (PI) staining as described previously (Wei et al.,
2005, 2008). Primary cortical or hippocampal neurons at DIV 8 from
rats or mice were exposed to 2.4% isoflurane for 24 h in the presence
or absence of InsP;R siRNA or xestospongin C. Immediately after
treatment, the extent of cell damage was assessed by MTT reduction,
LDH release, or PI staining. Results are expressed as a percentage of
the control without anesthetic treatment.

Cytosolic Calcium Concentration Measurements. Cytosolic
calcium concentration ([Ca®*],) was measured by using fura-2 fluo-
rescence as described previously (Wei et al., 2008; Yang et al., 2008).
In brief, mixed mouse hippocampal and cortical neurons grown on
25-mm round glass coverslips were washed three times with Hanks’
balanced salt solution buffer with 1.8 mM CaCl,, and 0.8 mM MgCl,
and loaded with 2.5 pM fura-2/AM for 30 min in the same buffer at
room temperature. Coverslips were mounted in a sealed chamber
and constantly perfused through an inflow tube with Krebs-Ringer
buffer either with or without calcium, depending on the experimen-
tal design. After baseline acquisitions, cells were exposed to isoflu-
rane (0.7 mM at room temperature) dissolved in Hanks’ balanced
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salt solution via a separate inflow tube driven by a syringe pump.
The fluorescence signals were measured with alternate excitation at
340 and 380 and emission at 510 nm for up to 18 min for each
treatment. The data are given in terms of 340/380 fluorescence ratio
or real concentrations as previously described (Grynkiewicz et al.,
1985).

Brain Tissue Preparation. For Western blot analyses, experi-
mental and control rats at postnatal day 7 (P7) were anesthetized
with sodium pentobarbital (100 mg/kg i.p.) 2 h after the end of
isoflurane exposure and transcardially perfused with cold saline.
The cortex was immediately dissected, frozen in liquid nitrogen, and
stored at —80°C. For caspase-3 immunohistochemistry, experimen-
tal and control rats were anesthetized with an intraperitoneal injec-
tion of sodium pentobarbital 2 h after isoflurane exposure, transcar-
dially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) at 4°C overnight, and cryoprotected in 30% (w/v) sucrose in
0.1 M phosphate buffer (pH 7.4) at 4°C for 24 h, then frozen in
isopentane on dry ice and embedded in optimal cutting temperature
compound. The embedded brains were kept at —80°C until serially
sectioned at 10 pm with a cryostat, mounted on gelatin-coated slides,
and stored at —80°C.

Immunohistochemistry. Caspase-3-positive cells were detected
by using immunohistochemical methods as described previously (Li
et al., 2007; Wang et al., 2009). In brief, brain sections from the P7
rat pups were first incubated in 3% hydrogen peroxide in methanol
for 20 min to quench endogenous peroxidase activity. Sections were
then incubated with blocking solution containing 10% normal goat
serum in 0.1% phosphate-buffered saline with 0.1% Tween 20
(PBST) for 1 h at room temperature after washing with 0.1% PBST.
The activated caspase-3 primary antibody was then applied in block-
ing solution and incubated at 4°C overnight. Tissue sections were
biotinylated with goat anti-rabbit antibody in 0.1% PBST for 40 min,
followed by incubation with the avidin-biotinylated peroxidase com-
plex for 40 min. Tissue sections were then colorized with diamino-
benzidine for 8 min and counterstained with modified hematoxylin.
Negative control sections were incubated in blocking solution that
did not contain primary antibody. Images were acquired and as-
sessed at 200X using IP lab 4.0 (IP Lab 4.0, Biovision Technologies,
Exton, PA) software linked to an Olympus (Tokyo, Japan) IX70
microscope equipped with a Cooke SensiCam camera (Applied Sci-
entific Instrumentation, Eugene, OR). At least two sections were
counted from each animal, and 10 animals were used in each group.
Immunoreactive cells were counted by at least two different individ-
uals blinded to the experimental treatments. The data are given in
terms of density of caspase-3-positive cells in the hippocampal CA1
region, which was calculated by dividing the number of caspase-3-
positive cells by the area of that brain region.

Western Blot Analysis. Western blot analysis was done as
previously described (Wei et al., 2000; Li et al., 2007). Frozen
cortical samples from the P7 rat brains were thawed and lysed
with Cell-Lytic MT Mammalian Tissue lysis reagent (Sigma-
Aldrich, St. Louis, MO) in the presence of a protease inhibitor
cocktail (Sigma-Aldrich). Proteins from these cortical lysates were
separated by 12% gel electrophoresis and transferred to a nitro-
cellulose membrane. The blots were incubated with a monoclonal
antibody against cleaved caspase-3, BACE, Bcl-X;, or Bax and then
probed with horseradish peroxidase-conjugated secondary antibody.
Detection was performed by using the ECL-Plus system (GE Health-
care, Chalfont St. Giles, UK) and photographed. Actin protein was used
as a loading control, and the changes of targeted proteins were normal-
ized to the level of B-actin. Western blots were from three different
animals, and the density was measured by Quantity One software
(version 4.5.0; Bio-Rad Laboratories, Hercules, CA) and a GS-800 Den-
sitometer (Bio-Rad Laboratories).

Animal Studies

Anesthetic Exposure and Intracerebroventricular Injec-
tion. For anesthetic exposure in the animal studies, we first admin-

istered xestospongin C to 7-day-old rats by intracerebroventricular
(5 pl of 100 ppm) injection into the right lateral ventricle 30 min
before isoflurane treatment (Galeotti et al., 2006). Xestospongin C
was diluted in normal saline, and injection was carried out under
isoflurane-induced (1%) general anesthesia. The injection point was
approximately 1 mm to the right of a line drawn through to the
anterior roots of the ears, with the injection needle inserted to a
depth of 2 mm through the skull. A pilot study in 7-day-old rats (n =
20) confirmed a success rate of intracerebroventricular injection of
100% (data not shown). After xestospongin C administration, rats
were exposed to 1% (n = 8) or 1.5% (n = 10) isoflurane for 6 h in a
chamber as described previously (Li et al., 2007; Bianchi et al., 2008).
Control rats at P7 in the vehicle-only group (n = 10) received the
same amount of normal saline but without the addition of xestospon-
gin C. The isoflurane concentration in the chamber was monitored
and maintained by using a vaporizer. The exposure chambers were
kept on a slightly elevated platform, which was in a water bath set
at 40°C. Under those conditions, the mean rectal temperature of the
animals in those chambers was 37 = 0.5°C throughout the exposure
time. Isoflurane treatment of up to 1.5% for 6 h had been shown not
to alter arterial blood gas significantly in a previous study (Jevtovic-
Todorovic et al., 2003), so we did not measure the arterial blood gas
in this study. Blood glucose level was monitored during and 2 h after
isoflurane treatment with a glucometer using mixed blood obtained
from rat tails in a pilot study.

Morris Water Maze. Rats exposed at day P7 were allowed to
mature before Morris water maze (MWM). Testing of spatial learn-
ing and memory was performed in the MWM with protocols and
paradigms as previously described (Li et al., 2007; Bianchi et al.,
2008). In brief, experimental and control P35 rats were trained to
locate an escape platform (1.5 cm in diameter) within a fiberglass
pool (1.5 m in diameter) by distant visual cues located on the walls
around the pool and a pole with flags on the escape platform. The
pool was filled with opaque water with the moveable escape platform
submerged 1.5 cm below the surface of the water. Rats underwent
four daily trials at four distinct starting locations for 5 consecutive
days. Each trial allowed for a 60-s search time, and once an animal
located the platform it was allowed to remain on it for 15 s before the
next trial. Animals that failed to find the escape platform during the
search period were gently guided to it. The training or cued trials
were performed to train the rats to swim to the platform to be
removed from the pool and assess noncognitive impairments (e.g.,
visual impairments and/or swimming difficulties), which might af-
fect performance during place or probe trials. After completion of the
cued trials, we assessed the performance of these rats in place trials
or reference memory starting at P42 (1%, 1.5% isoflurane) and again
at P102 (1.5%) to determine their ability to learn the spatial rela-
tionship between distant cues and the escape platform (no rod or
flags), which remained in the same location for all place trials. The
time to reach the platform (escape latency), an indicator of learning
and spatial memory, was recorded for each trial. After reference
memory, memory retention capability by the control and experimen-
tal animals was assessed by the probe test. For the probe test, the
platform was removed from the pool and the rats were placed in the
quadrant opposite to the one where the platform had been previously
located. The rats were allowed to swim for 60 s during each probe
trial, and the time spent in each quadrant was recorded. The per-
centage of time spent in the target quadrant compared with other
quadrants was an indication of memory retention. Probe trials com-
menced at P46 (1%, 1.5% isoflurane) and P106 (1.5% isoflurane) after
the last place trials. The water in the pool was maintained at room
temperature, and all experiments were carried out in a dimly lit
room.

Analysis and Statistics. Data are expressed as mean + S.E.M.
and statistical significance between means. All data except for the
behavior was assessed by one-way analysis of variance (ANOVA)
followed by the Tukey multiple comparison tests. The behavioral
data were analyzed by two-way ANOVA. The significance level for all



of our analyses was set at 95% (P < 0.05). We used GraphPad Prism
software (GraphPad Software Inc.) for all statistical analyses.

Results

Knockdown and Pharmacological Inhibition of InsP;R
Activity in Cultured Neurons Suppressed Isoflurane-Medi-
ated Ca®* Dysregulation and Neurodegeneration. To inves-
tigate the role of InsP;R activation in isoflurane-mediated
calcium dysregulation and apoptosis, we used xestospongin C
to inhibit the function of InsP;Rs or siRNA to knock down the
expression of the InsP;R message in primary cortical and/or
hippocampal neurons. Transfection of InsP;R siRNA in rat
primary cortical neurons suppressed the expression of
InsP;R mRNA by 42% as determined by real-time PCR (Fig.
1A). As a result, the suppression of the InsP;R message
significantly inhibited both the early (Fig. 1B, MTT assay)
and late (Fig. 1C, LDH release assay) neurodegeneration
induced by 2.4% isoflurane exposure for 24 h. Suppression of
InsP;R expression with InsP;R siRNA alone did not affect
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neuronal cell viability (Fig. 1, B and C). Consistent with
these findings, pharmacological inhibition of these receptors
with xestospongin C significantly inhibited isoflurane-medi-
ated neurodegeneration in rat primary cortical (Fig. 1D) and
hippocampal neurons (Fig. 1E) as measured by MTT reduc-
tion and LDH release assays, respectively. Similarly, xesto-
spongin C prevented isoflurane-mediated neurodegeneration
in mouse primary cortical neurons as measured by PI assay
(Fig. 1F).

To study the mechanism for the neurodegeneration caused
by isoflurane, we found that mouse primary cortical neurons
exposed to isoflurane increased the cytosolic calcium signal
in the absence of extracellular calcium, an effect that was
blocked by xestospongin C (Fig. 2). This increase in intracel-
lular calcium was significantly greater in the presence of
extracellular calcium (Fig. 2), suggesting that calcium influx
from the extracellular space contributed to the isoflurane-
mediated calcium increase in primary cortical neurons. In-
terestingly, the greater increase in calcium concentration
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Fig. 2. Suppression of InsP,R activity abolished isoflurane-mediated
calcium release in mouse primary cortical neurons. A, representative
changes in isoflurane (0.7 mM at room temperature)-mediated [Ca®*]_ in
the presence or absence of extracellular calcium or InsP;R antagonist
xestospongin C (1 pwM). B, xestospongin C remarkably inhibited the
isoflurane-induced elevation of the [Ca®"], in the presence of extracellu-
lar calcium and nearly abolished the calcium release from intracellular
stores in the virtual absence of extracellular calcium. Data are expressed
as = S.E.M. n = 55 for each condition. #**, P < 0.001 compared with
isoflurane (Iso) treatment alone in the presence of 1 mM extracellular
Ca?*. ++4+, P < 0.001 compared with xestospongin C (Xc) plus isoflurane
(Iso) in the presence of 1 mM extracellular Ca?*. All data from Ca®*
measurements were collected from at least four different preparations.

mediated by extracellular calcium was remarkably inhibited
by xestospongin C (Fig. 2), suggesting that the store-operated
calcium channels on the plasma membrane may be respon-
sible for the isoflurane-mediated calcium increase in the cy-
tosolic space. It is known that voltage-gated Ca®* channels
(VGCCs) are important pathways for the influx of Ca®* from
the extracellular space during synaptic transmission. There-
fore, we studied the effects of specific inhibitors, nicardipine
and nimodipine, of the L-type VGCCs on the isoflurane-
mediated Ca®" increase in mixed, mouse hippocampal, and
cortical neurons. Nicardipine and nimodipine had no effect
on the isoflurane-mediated Ca®* (Supplemental Methods and
Supplemental Fig. 1), suggesting that the L-type VGCCs play
no role in isoflurane-mediated calcium influx from extracel-
lular space in our in vitro culture systems.
Pharmacological Inhibition of InsP;R Activity In-
hibited Isoflurane-Induced Apoptosis in P7 Develop-
ing Brain. To translate our in vitro calcium dysregulation
and neurodegeneration findings to in vivo, we asked whether
inhibition of InsP4R activity by xestospongin C could inhibit
previously reported neuronal apoptosis in neonatal rats (Jev-
tovic-Todorovic et al., 2003). In that previous report, isoflu-
rane alone (up to 1.5%) or in combination with other anes-
thetics (nitrous oxide and midazolam) did not significantly
affect arterial blood gases, but caused widespread neurode-
generation in different brain regions in P7 rats and subse-
quent impairment in learning and memory. In addition to the
detection of caspase-3 activation, anesthetic-induced apopto-
sis in neuronal cultures and the developing brain have been

confirmed by various methods [e.g., terminal deoxynucleoti-
dyltransferase-mediated dUTP nick end labeling, ultra-
structural studies, poly(ADP-ribose)polymerase, etc.] in pre-
vious studies (Jevtovic-Todorovic et al., 2003; Dong et al.,
2009; Wang et al., 2009; Zhen et al., 2009), so we did not use
other methods than the caspase-3 assay to further confirm
apoptosis in the current study. Using the same conditions
and exposures, we reproduced the previously reported in-
crease in apoptosis after anesthetic exposure (Jevtovic-
Todorovic et al., 2003). We found that the number of caspase-
3-positive neurons increased in the hippocampal CA1 region
of 7-day-old rats exposed to isoflurane (Fig. 3B, P < 0.001).
Administration of xestospongin C (100 ppm in normal saline,
5 pl) via intracerebroventricular injection into the right lat-
eral ventricle of P7 rats 30 min before the 6-h isoflurane
treatment (Galeotti et al., 2006) nearly abolished the isoflu-
rane-mediated neuronal apoptosis in the hippocampal CA1
region (Fig. 3, A and B) and significantly inhibited the acti-
vation of the apoptotic marker caspase-3 in the cortex (Fig. 3,
C and D).

It has been previously reported that isoflurane exposure,
up to 1.5% for 6 h, did not affect arterial blood gases signif-
icantly (Jevtovic-Todorovic et al., 2003). Thus, we did not
measure arterial blood gases because our treatment protocol
was similar to that of Jevtovic-Todorovic et al. (2003). A
decrease in blood sugar levels has been proposed as a mech-
anism for anesthesia-mediated neurodegeneration in rodents
(Loepke et al., 2006), but we found no discernible differences
in blood sugar levels in animals treated with vehicle gas and
isoflurane (Supplemental Methods and Supplemental Fig. 2).
Given that isoflurane has been previously implicated in in-
creasing the activity of BACE (Xie et al., 2007), Bcl-xl, and
Bax (Wei et al., 2005), we investigated the effects of isoflu-
rane treatment on the expression levels of these proteins and
its relation with activation of InsP;Rs. As in previous studies
(Xie et al., 2007; Zhen et al., 2009), isoflurane significantly
increased levels of BACE, an enzyme that contributes to the
production of B-amyloid and neuropathology in Alzheimer’s
disease. Interestingly, intracerebroventricular injection of
xestospongin C before isoflurane exposure prevented this
increase in BACE expression level (Fig. 4, A and C). In
contrast to our previous report in cell cultures (Wei et al.,
2005), isoflurane did not change expression levels of the
regulatory apoptotic proteins Bcl-X;, Bax, Bcl-X;/Bax ratio
in vivo in these animals (Fig. 4 B, and D).

Pharmacological Inhibition of InsP;R Activity in
Vivo Ameliorated the Transient and Dose-Dependent
Isoflurane-Induced Learning Disability. The relevance
of neonatal apoptosis to brain development remains unclear.
Thus, we first asked whether there is a direct correlation
between the noted apoptosis in our study with learning and
memory impairments. According to our in vitro and in vivo
data, any correlation between apoptosis and learning and
memory impairments should be significantly reduced by xes-
tospongin C. To this end, P7 rat pups, with or without intra-
cerebroventricular xestospongin C pretreatment, were ex-
posed to either 1% or 1.5% isoflurane for 6 h and then allowed
to grow and develop like the unexposed littermates. Learning
and memory were first assessed by place and probe trials in
the MWM beginning at P42 and P46, respectively (Fig. 5) and
then again at P102 and P106, respectively (Fig. 5). We found
a small impairment in the P42 group that was exposed to
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Fig. 3. Intracerebroventricular pretreat-
ment of xestospongin C significantly in-

*k%k hibited isoflurane-induced apoptosis in
e hippocampus CA1 and cerebral cortex in

—_ 7-day-old rat brains. A, representative

i image of caspase-3-positive immunohis-
o ot tological staining (arrows) in the hip-
pocampal CA1 region. Blue cells are nor-

mal cells counterstained by hematoxylin.

o Scale bar, 10 pm. B, intracerebroventric-

T ular pretreatment of Xc significantly in-

\60 \‘-90 \90 hibited the increase in the isoflurane
) o\e" _\_o" (ISO)-induced caspase-3-positive cells in

Qe}“\ &;i“ the hippocampus. n = 10 for each condi-

tion. s+ or +++, P < 0.00lcompared
with control and ISO treatment alone,
respectively, using ANOVA followed by
Tukey multiple comparison tests. C, rep-
resentative changes of cleaved caspase-3
in cerebral cortex by Western blot using
specific antibody targeted to cleaved
caspase-3. D, the quantified cleaved
caspase-3 bands were normalized to the
loading control B-actin. Intracerebroven-
tricular pretreatment of Xc significantly
inhibited the isoflurane (ISO)-induced ac-
tivation of caspase-3 in the cerebral cor-
tex. n = 3 for each condition. * or ++,
P < 0.01 compared with control and ISO
treatment alone, respectively, by ANOVA
followed by Tukey multiple comparison
tests.

Discussion

Our data clearly show that exposure of the commonly used
general anesthetic isoflurane to cortical and hippocampal
rodent cultures results in an increase in cytosolic calcium.
This increase in cytosolic Ca®" seems to be a consequence of

*k*

Fig. 4. Effects of isoflurane on BACE and
Bcl-xI/Bax ratio in cerebral cortex. A and
B, representative changes of BACE (A)
and Bel-xl and Bax (B) in cerebral cortex
by Western blot. C, intracerebroventricu-
lar pretreatment of IP;R antagonist xes-
tospongin C (Xc) abolished isoflurane-in-
duced elevation of BACE in cerebral
cortex. D, isoflurane (1.5%) for 6 h in rats
at P7 did not significantly change the lev-
els of the apoptotic regulatory proteins
Bcl-xl, Bax, or the Bcl-x1/Bax ratio in the
cerebral cortex. n = 3 for each condition.
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both release from the ER and influx from the extracellular
space. Furthermore, prolonged exposure of primary cultured
neurons and developing rats (P7) to isoflurane results in
neurodegeneration in both in vitro and in vivo neuronal
systems. Interestingly, this neurodegeneration is reversed
mostly by the specific InsP;R antagonist, xestospongin C,
suggesting a role for ER-mediated Ca®?"-dysregulation in
neurodegeneration. To our knowledge, this is the first evi-
dence for a mechanism directly linking isoflurane exposure
in neonates to apoptosis. Given that these changes in calcium
and the subsequent apoptosis could be largely suppressed by
xestospongin C, our data strongly suggest that InsP;Rs may
be the initial source of calcium and an upstream trigger for
apoptosis. Furthermore, the up-regulation of BACE by isoflu-
rane described in our results may contribute to the isoflu-
rane-induced vicious cycle of apoptosis (Xie et al., 2007).
Thus, our data suggest that the entire cascade of InsP;R-
mediated calcium release and/or calcium influx and neuro-
degeneration can be prevented by the inhibition of InsP;Rs
activity.

Our results provide strong evidence in support of a mech-
anism by which isoflurane, and perhaps other general anes-
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thetics, causes neurodegeneration by apoptosis via excessive
activation of InsP;Rs. According to this model, overactivation
of InsP;Rs would result in the elevation of cytosolic and
mitochondrial Ca®?" levels and depletion in the ER. This
dysregulation of cytosolic Ca?* by isoflurane would then be
expected to activate neurodegenerative and apoptotic path-
ways. Given that calcium release from the ER via InsP;Rs
plays important roles in many cellular functions (e.g., cell
excitation, growth, death etc.), the results of this article may
lead to future studies into the pharmacological or side effects
of general anesthetics.

The results of this article suggest a clear effect of isoflu-
rane on Ca®" dysregulation by overactivation of InsP,Rs, but
it is not yet clear whether this effect is caused by direct or
indirect interaction with these receptors. Thus, it would be
interesting to know whether isoflurane and other commonly
used inhalational anesthetics (sevoflurane and desflurane)
can directly activate the InsP;R. Our calcium imaging exper-
iments suggest that Ca®" influx from the extracellular space
contributes to the isoflurane-mediated increase in cytosolic
Ca®* in cortical and hippocampal neurons. Several mem-
brane receptors could theoretically serve as the pathways for



such influx, but our data clearly rule out the L-type VGCCs
as a contributing pathway. Although we cannot rule out the
possibility of other VGCC types playing a role in mediating
this Ca®* influx from the extracellular space, we propose
that isoflurane may cause Ca®" release from the ER, which
then induces Ca®" influx from the extracellular space via
capacitive calcium entry (Hewavitharana et al., 2007). Ca®*
dysregulation may be a general mechanism of neurodegen-
eration induced by general anesthetics via interactions with
various calcium pathways. It has long been known that an-
esthetics like halothane activate the other major ER calcium
release pathway, the ryanodine receptor channel complex
(Akata et al., 2001), and this is thought to be the basis for a
dangerous clinical occurrence called malignant hyperpyrexia
(Denborough, 1998). Like InsP;Rs, ryanodine receptors are
expressed throughout the nervous system and play impor-
tant roles in both normal cell function and various neurode-
generative diseases (Paschen and Frandsen, 2001). In sup-
port of this notion, we previously showed a role for ryanodine
receptor activation in isoflurane-induced apoptosis in cul-
tured neurons (Wei et al., 2005). Both InsP;Rs and ryanodine
receptors contribute to the regulation of intracellular calcium
homeostasis and may interact with each other in a deleteri-
ous manner to mediate isoflurane-induced neurodegenera-
tion. Thus, it would be interesting to investigate the possible
interaction between ryanodine and InsP;Rs functions during
prolonged exposures to anesthetics.

Our in vitro and in vivo data suggest that activation of
InsP,Rs contributes to isoflurane-induced calcium elevation
and neurodegeneration in the neonatal rat brain. Excessive
calcium release from the ER, via the InsP;Rs, could cause
calcium overload in mitochondria and depletion of ER cal-
cium, which are two of the most common contributors to
apoptosis (Hanson et al., 2004). Indeed, Ca®" overload in
mitochondria has been shown to cause cytochrome c release
(Hanson et al., 2004). This cytochrome c release is associated
with the removal of a negative feedback inhibition of InsP;Rs
by cytosolic calcium, which then initiates a vicious cycle of
ER calcium release (Hanson et al., 2004). Furthermore, cy-
tosolic cytochrome c activates caspase-3, which in turn
cleaves the InsP;Rs, resulting in a permanent leak of calcium
from the ER (Assefa et al., 2004). Thus, excessive and/or
prolonged activation of InsP;R by isoflurane may set into
motion a cascade of events resulting in apoptosis. In support
of this notion, our data clearly suggest that prolonged expo-
sure of neonatal rats and cultured cortical/hippocampal neu-
rons causes neurodegeneration via direct or indirect activa-
tion of InsP;Rs. We believe that these results are evidence
that InsP;Rs may be targets for therapy toward the pre-
vention of neurodegeneration associated with exposure to
inhalational anesthetics. Toward that end, we carried out
a pilot study to assess the ability of xestospongin C in
crossing the blood-brain barrier (BBB) after intraperito-
neal injection, but our results suggest that this drug did
not readily cross the BBB. Nonetheless, these results pro-
vide greater impetus to develop soluble analogs that can
readily cross the BBB so that patients undergoing surgical
procedures that require inhalational anesthetics can be
protected from the possible deleterious side effects of such
prolonged exposure.

The InsP5R is emerging as a contributor to neurodegen-
erative disorders such as Alzheimer’s disease (Cheung et al.,
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2008) and Huntington disease (Tang et al., 2003). Anesthet-
ics have been implicated as contributing to these forms of
neurodegeneration as well (Eckenhoff et al., 2004; Xie et al.,
2007; Liang et al., 2008; Wei et al., 2008). For example, in
cells and animals, anesthetics increase the levels of BACE,
amyloid B (Xie et al., 2007), plaques, and cognitive impair-
ment (Bianchi et al., 2008). Although the underlying mech-
anisms for these effects are still uncertain, recent reports
seem to support a role for Ca®>* dysregulation and activation
of InsP4Rs in neurodegenerative conditions such as Alzhei-
mer’s and Huntington diseases (Liang et al., 2008; Wei et al.,
2008; Bezprozvanny, 2009). In support of those studies, our
study shows that inhibition of InsP;Rs nearly abolishes the
isoflurane-mediated elevation of BACE. It is not clear
whether the amyloid B pathways contribute to apoptosis in
the neonate, but it is known that some members of this
pathway are essential for normal central nervous system
development, making it difficult to interpret the meaning of
the noted isoflurane-mediated increase in BACE expression.
Because BACE contributes to the production of B-amyloid
and neuropathology in Alzheimer’s disease, the ability of
xestospongin C to inhibit the BACE makes this compound
a potential therapeutic agent for treatment of Alzheimer’s
disease.

Although neonatal apoptosis has been previously linked
with subsequent learning and memory deficits (Jevtovic-
Todorovic et al., 2003), another study could not corroborate
these findings (Stratmann et al., 2009). Likewise, the lack of
significant learning and memory dysfunctions despite signif-
icant increases in neonatal apoptosis in our study is incon-
sistent with such a link. It is possible that alternate mecha-
nisms, possibly cell-cycle arrest, are responsible for learning
and memory defects later in life after exposures to anesthet-
ics. It is intriguing that we noted a small impairment in place
trials in only one group (P42) of animals exposed to 1.5%
isoflurane. However, our data cannot confirm an anesthesia-
induced cognitive dysfunction at the selected exposures in
normal neonatal rats.

In summary, our results indicate that exposure to the
commonly used inhalational anesthetic isoflurane increases
cytosolic calcium via activation of InsP5Rs in rodent primary
cultured neurons, resulting in apoptosis. More importantly,
pharmacological inhibition of these receptors in vitro and in
vivo mostly prevents this isoflurane-mediated neurodegen-
eration. This study provides a novel mechanism to explain
the anesthesia-mediated neurodegeneration in neonatal ro-
dents and identifies InsP;Rs as potential therapeutic targets
for the prevention of the deleterious effects of prolonged
exposures to anesthetics.
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