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Abstract

Commonly used anesthetics induce widespread neuronal degeneration in the developing
mammalian brain via the oxidative stress-associated mitochondrial apoptosis pathway.
Dysregulation of cytochrome oxidase (CcOX), the terminal oxidase of the electron transport
chain, can result in reactive oxygen species (ROS) formation and isoflurane has previously been
shown to activate this enzyme. Carbon monoxide (CO), as a modulator of CcOX, is of interest
because infants and children are routinely exposed to CO during low-flow anesthesia. We have
recently demonstrated that low concentrations of CO limit and prevent isoflurane-induced
neurotoxicity in the forebrain of newborn mice in a dose-dependent manner. However, the effect
of CO on CcOX in the context of anesthetic-induced oxidative stress is unknown. Seven day old
male CD-1 mice underwent 1-hour exposure to 0 ppm (air), 5 ppm, or 100 ppm CO in air with or
without isoflurane. Exposure to isoflurane or CO independently increased CcOX kinetic activity
and increased ROS within forebrain mitochondria. However, combined exposure to CO with
isoflurane paradoxically limited CcOX activation and oxidative stress. There were no changes
seen in steady-state levels of CcOX | protein indicating post-translational modification of CcOX
as an etiology for changes in enzyme activity. CO exposure led to differential effects on CcOX
subunit I tyrosine phosphorylation depending on concentration, while combined exposure to
isoflurane with CO markedly increased enzyme phosphorylation state. Phosphorylation of tyrosine
304 of CcOX subunit | has been shown to result in strong enzyme inhibition, and the relative
reduction in CcOX kinetics following combined exposure to CO with isoflurane may have been
due, in part, to such phosphorylation. Taken together, the data suggest that CO modulates CcOX
in the developing brain during isoflurane exposure, thereby limiting oxidative stress. These CO-
mediated effects could have implications for the development of low-flow anesthesia in infants
and children in order to prevent anesthesia-induced oxidative stress.
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Introduction

The majority of commonly used anesthetic agents induce widespread neuronal apoptosis in
the developing mammalian brain (1-5). Such neurodegeneration has been shown to result in
behavioral impairments and cognitive deficits in a variety of newborn animal models (6, 7).
Although the exact mechanisms of anesthesia-induced neurotoxicity are not completely
understood, evidence indicates that the downstream process is mediated by the oxidative
stress-associated mitochondrial pathway of apoptosis (6, 8—11). Reactive oxygen species
(ROS), generated as a result of anesthetic exposure, have been shown to arise from
mitochondrial sources and accumulate within mitochondria (9, 11).

Cytochrome oxidase (CcOX), or complex 1V, is the terminal oxidase of the respiratory chain
(12). Dysregulation of CcOX can result in oxidative stress. For example, enhanced CcOX
activity can hyperpolarize the mitochondrial membrane potential, resulting in superoxide
radical generation by complexes I and Il within the electron transport chain (12, 13). ROS
production in this setting increases exponentially when the transmembrane potential rises
above 140 mV (13). On the other hand, inhibition of CcOX can also lead to free radical
generation at complexes | and 111 by promoting electron leak (12, 14). Thus, modulation of
CcOX activity is necessary to prevent oxidative stress. During homeostasis, CcOX
regulation occurs by a number of mechanisms including subunit isoform switching,
adenosine triphosphate (ATP)-dependent allosteric inhibition, post-translational
modification involving reversible subunit phosphorylation, and inhibition via endogenously
produced gaseous molecules such as nitric oxide, carbon monoxide (CO), and hydrogen
sulfide (12).

Although ROS have been shown to mediate anesthesia-induced neuronal apoptosis, the role
of CcOX in this setting has not been well defined (15). CO, as a modulator of CcOX, is of
interest because infants and children are routinely exposed to CO during low-flow
anesthesia when re-breathing is permitted (16, 17). CO binds to the heme a,az binuclear
center within the active site of CcOX in a competitive manner with oxygen and can
reversibly inhibit the enzyme (18, 19). However, low concentrations of CO have been
shown stimulate and increase CcOX activity within minutes of exposure under normoxic
conditions (20). Thus, CO has the potential to induce ROS formation by either inhibition or
activation of the enzyme (19, 21).

We have recently demonstrated that sub-clinical concentrations of CO limit and prevent
isoflurane-induced apoptosis in the forebrain of hewborn mice in a dose-dependent manner
(22). However, the effect of CO on CcOX in the context of anesthetic-induced oxidative
stress is unknown. Thus, in this work we aimed to determine the impact of low
concentration CO on CcOX specific activity in the developing murine brain during exposure
to isoflurane with a focus on oxidative stress. We demonstrate that isoflurane and CO
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independently increase CcOX Kinetic activity and increase lipid peroxidation within
forebrain mitochondria. However, combined exposure to CO and isoflurane paradoxically
limited CcOX activation and mitochondrial levels of malondialdehyde adducts below
expected levels. Such effects of this combined exposure may be due, in part, to modulation
of CcOX kinetic activity via phosphorylation of CcOX subunit I. These CO-mediated effects
could have implications for the development of low-flow anesthesia in infants and children
in order to prevent anesthesia-induced oxidative stress.

Materials and Methods

Animal exposures

The care of the animals in this study was in accordance with NIH and Institutional Animal
Care and Use Committee guidelines. Study approval was granted by the Children’s National
Medical Center and Columbia University. Six to eight week old female CD-1 pregnant mice
(20-30 grams) were acquired (Charles River, Wilmington MA) to yield newborn pups.
CD-1 mice were chosen because newborn pups reliably demonstrate neuronal changes
consistent with human neonatal injury in specific experimental models (23). On postnatal
day 7, we exposed male CD-1 mouse pups to air (0 ppm CO), 5 ppm CO in air, or 100 ppm
CO in air with and without isoflurane (2%) for 1 hour in a 7-liter Plexiglas chamber (25 cm
x 20 cm x 14 cm). In a subset of mice, separate cohorts of pups were exposed pups for 20
minutes or 40 minutes. The chamber had a port for fresh gas inlet and a port for gas outlet
which was directed to a fume hood exhaust using standard suction tubing. Specific
concentrations of CO in air (premixed gas H-cylinders, Air Products, Camden, NJ) were
verified using an electrochemical sensing CO detector (Monoxor 111, Bacharach, Anderson,
CA). Designated CO mixtures were delivered through the variable bypass isoflurane
vaporizer and exposure chamber at a flow rate of 3—4 liters/minute. Mice were kept warm
with an infrared heating lamp (Cole-Parmer, Court Vernon Hills, IL). Animals were
euthanized immediately following exposure with pentobarbital injection (150 mg/kg, ip) and
forebrain was harvested. Postnatal day 7 was chosen because synaptogenesis peaks at day 7
in rodents and is completed by the second or third week of life (24, 25). One hour exposure
to 2% isoflurane has previously been shown to induce neuronal degeneration in 7 day old
mice and represents a brief anesthetic exposure (22, 26).

Mitochondrial isolation

Immediately following exposure, forebrain mitochondria were isolated by differential
centrifugation (22). As previously described, forebrain was harvested and homogenized in
ice-cold H medium (70 mM sucrose, 220 mM mannitol, 2.5 mM Hepes, pH 7.4 and 2 mM
EDTA) (22). The homogenate was spun at 1500 x g for 10 min at 4°C. Supernatant was
removed and centrifuged at 10,000 x g for 10 min at 4°C. The pellet was suspended in H
medium and centrifuged again at 10,000 x g for 10 min at 4°C. Pellet was again resuspended
in H medium and mitochondrial protein concentrations determined using the method of
Lowry (22).
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Determination of lipid peroxidation

Levels of malondialdehyde (MDA\) in forebrain mitochondria were determined by
measuring thiobarbituric acid reactive substances (TBARS) using a standard colorimetric
assay (OxiSelect TBARS Assay Kit, Cell Biolabs, Inc., San Diego, CA) (27). Mitochondria
(0.5 mg) were suspended in PBS containing 0.05% butylated hydroxytoluene (BHT) in
methanol and homogenized on ice. 100 uL of SDS lysis solution was added and samples
were allowed to incubate at room temperature for 5 minutes. 250 pL of thiobarbituric acid
(TBA) reagent was then added. Samples were heated to 95°C for 60 min, then cooled on ice
for 5 minutes. Following centrifugation at 3000 rpm for 15 min, the supernatant was
removed and absorbance measured at 532 nm via a 96-well spectrophotometric plate reader.
Levels of TBARS were calculated from a standard curve containing known amounts of
TBA-MDA complex and were expressed as UM per milligram of protein. Six animals per
cohort were evaluated following 1-hour exposure and 3 animals per cohort were evaluated
for the 20 and 40 minute exposures.

Steady-state CcOX kinetics

CcOX kinetics were assayed by the method of Smith in which the rate of oxidation of
ferrocytochrome ¢ was measured by following the decrease in absorbance at 550 nm (28,
29). Assays were executed in a 1-mL reaction volume containing 50 mM PO, ~2 (pH 7.0),
2% lauryl maltoside, and 1 ug of mitochondrial protein. Ferrocytochrome ¢ was added at a
concentration of 40 mM to initiate the reaction. Specific activity was calculated from mean
values of three to four measurements using 21.1 mM~1cm™1 as the extinction coefficient of
ferrocytochrome c at 550 nm. Six animals per cohort were evaluated following 1-hour
exposure and 3 animals per cohort were evaluated for the 20 and 40 minute exposures.

Immunoblot analysis

10ug samples of forebrain mitochondrial protein obtained from animals immediately
following 1-hour exposure were subjected to SDS-acrylamide gel electrophoresis and
immunoblotting. Blots were labeled with a primary polyclonal antibody to mouse CcOX |
(Molecular Probes, Eugene, Oregon, USA), rabbit monoclonal anti-human BCL-xL
antibody (Cell Signaling Technology, Beverly, MA), or rabbit polyclonal anti-human BCL-2
antibody (GeneTex Inc., Irvine, California, USA). Blots were secondarily exposed to rabbit
anti-mouse 1gG (Santa Cruz Biotechnology Inc., Santa Cruz, California) for CcOX | or goat
anti-rabbit 1gG (Cell Signaling Technology, Beverly, MA) for BCL-xL and BCL-2.
Mitochondrial protein loading was assessed with a primary monoclonal antibody to mouse
VDAC (Molecular Probes, Eugene, Oregon, USA) and secondarily exposed to rabbit anti-
mouse IgG (Santa Cruz Biotechnology Inc., Santa Cruz, California.). The signal was
detected with enhanced chemiluminescence (ECL; Amersham Pharmacia Biotech,
Piscataway, New Jersey, USA), and density was measured using scanning densitometry.
Three animals per group per experiment were evaluated.

CcOX tyrosine phosphorylation

CcOX was extracted from isolated forebrain mitochondria obtained from animals
immediately following 1-hour exposure as previously described (30). To preserve
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phosphorylation state, the phosphatase inhibitors, phenylmethylsulphonyl fluoride (200
mM) and vanadate (1 mM), were added to all isolation buffers. Each step was carried out at
4°C unless otherwise stated. 10% neutralized cholate and 1.67M ammonium sulfate were
slowly added to isolated forebrain mitochondria over 30 min maintaining the pH at 7.4.
Following 1 hour of incubation, the solution was centrifuged at 20,000 x g for 10 min. The
supernatant was brought to 50% saturation with additional ammonium sulfate and
centrifuged at 10,000 x g for 10 min. The precipitate was resuspended in 0.1M potassium
PO4~2 (pH 6.0) buffer with 2% cholate at a pH of 7.4. Ammonium sulfate was then added to
yield 25% saturation. Following incubation for 10 hours at 0°C, the solution was centrifuged
at 10,000 x g for 10 min. The supernatant was brought to 35% saturation with additional
ammonium sulfate. The precipitate, containing extracted CcOX, was resuspended in 0.1M
potassium PO, =2 buffer with 2% cholate at a pH of 7.4. Concentration and purity of CcOX
were determined via spectrophotometry (30, 31) (Supplemental figure). Mitochondrial heme
a,az content was calculated from the difference in spectra (dithionate/ascorbate reduced
minus ferricyanide oxidized) of mitochondria solubilized in 10% lauryl maltoside using an
absorption coefficient of 24 mM~1cm™1 at 605 to 630 nm as previously described (28, 32).

250 ng of CcOX extracted from forebrain mitochondria was subjected to SDS-acrylamide
gel electrophoresis and immunoblotting. Gels were stained with Coomassie to identify
CcOX subunits and determine loading (33). Blots were labeled with a primary monoclonal
antibody to mouse phosphotyrosine (4G10; Upstate Biotechnology, Inc., Lake Placid, NY)
and were secondarily exposed to rabbit anti-mouse 1gG (Santa Cruz Biotechnology Inc.,
Santa Cruz, California.) (33). The signal was detected with enhanced chemiluminescence
(ECL; Amersham Pharmacia Biotech, Piscataway, New Jersey, USA), and density was
measured using scanning densitometry. Three animals per group per experiment were
evaluated.

Statistical Analysis

Results

Sample sizes for each endpoint following 1-hour exposure were chosen to detect a 15%
difference from air-exposed control values with a power of 80 based on an a of .05. Data are
presented as mean plus standard deviation. To assess statistical significance at each time
point, we performed two-way ANOVA with post hoc Tukey’s test. We utilized one-way
ANOVA to assess for significance within each cohort over time. Linear regression analysis
was performed to determine the correlation between levels of TBARS and CcOX kinetic
activity at the various time points. Significance was set at P < 0.05.

Combined exposure to CO and isoflurane limits lipid peroxidation within forebrain
mitochondria

Isoflurane and a variety of commonly used anesthetic agents have been shown to induce
ROS and reactive nitrogen species within developing neurons (9, 10, 34). However,
depending on the resultant transmembrane potential and electron flux, CO has the potential
to either cause deleterious free radical production within mitochondria or, alternatively, can
exert cytoprotective properties by limiting oxidative stress (21). Thus, we assessed the
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degree of lipid peroxidation within forebrain mitochondria in 7 day old male mice following
1-hour exposure to CO with or without isoflurane using air-exposed mice as a control
cohort. Levels of malondialdehyde (MDA), a marker of fatty acid peroxidation, were
assessed by colorimetric determination of thiobarbituric acid reactive substances (TBARS)
in mitochondria using a standard assay (27, 35).

Consistent with prior work demonstrating that anesthetics induce oxidative stress in the
developing brain, 1-hour exposure to isoflurane significantly increased TBARS within
forebrain mitochondria compared to air exposure (figure 1A). Exposure to 5 ppm and 100
ppm CO also significantly increased mitochondrial TBARS in both CO-exposed cohorts
versus exposure to air alone (figure 1A). However, combined exposure to CO with
isoflurane resulted in levels of TBARS that were significantly lower than those seen
following concentration-matched CO exposure alone (figure 1A). Importantly, exposure to
isoflurane with 100 ppm CO resulted in levels of TBARS that approached air-exposed
control values (figure 1A). The findings indicate that 1-hour exposure to either isoflurane or
low concentration CO independently results in oxidative stress in the developing forebrain,
but when inspired simultaneously, the combination limits isoflurane or CO-induced lipid
peroxidation within mitochondria.

Because formation of MDA is a dynamic process, we next measured the level of TBARS in
forebrain mitochondria from separate subgroups of mice in each experimental cohort
following 20 or 40 minutes of exposure. No significant change in TBARS was seen
following 20 minute exposure to either concentration of CO compared to air exposed
controls (figure 1B). Interestingly, exposure to isoflurane with and without CO for 20
minutes significantly decreased the level of TBARS compared to concentration-matched CO
(or air) exposure alone (figure 1B). However, levels then returned toward air-control values
following 40 minutes of exposure (figure 1C). A similar and significant reduction in TBARS
was seen in animals exposed to 100 ppm CO for 40 minutes compared to those exposed to
100 ppm for 20 minutes (figure 1B, 1C). The level of TBARS following 60 minutes of
exposure were significantly greater in each experimental group compared to cohort-matched
mitochondrial levels measured at 20 and 40 minutes, suggesting a lag phase of lipid
peroxidation during the earlier time points (figure 1D).

CO modulates forebrain CcOX kinetic activity in a dose-dependent manner

Isoflurane has previously been shown to increase CcOX activity in the developing
subiculum following exposure (36). On the other hand, CO has the potential to either limit
CcOX activity as a competitive inhibitor of oxygen or enhance enzyme kinetics following
low concentration exposure (20). Thus, we measured steady-state CcOX specific activity in
forebrain mitochondria isolated immediately after 1-hour exposure to CO with or without
isoflurane.

Isoflurane significantly increased steady-state forebrain CcOX activity immediately
following 1-hour exposure compared to air-exposed controls (figure 2A). Steady-state
CcOX kinetic activity also significantly increased following 1-hour exposure to CO in a
dose-dependent fashion (figure 2A). Maximal increases in CcOX Kinetics following 1-hour
exposure were seen in 5 ppm CO-exposed animals while the resultant increase in enzyme
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activity following 100 ppm CO exposure was significantly less pronounced (figure 2A).
Despite increases in CcOX specific activity following independent exposure to isoflurane or
CO, combined exposure resulted in a relative reduction in enzyme kinetics in a
concentration-dependent manner for CO (figure 2A). As such, 1-hour exposure to isoflurane
with 100 ppm CO resulted in significantly lower steady-state CcOX activity compared to
enzyme activities following exposure to 100 ppm CO alone as well as exposure to isoflurane
with 5 ppm CO (figure 2A). Importantly, CcOX kinetic activity following combined
exposure to isoflurane with 100 ppm CO approximated air-exposed control rates (figure
2A). Although there was a trend toward a decrease in CcOX activity following exposure to
isoflurane with 5 ppm CO compared to 5 ppm CO exposure alone, this difference was not
statistically significant (P = 0.07) (figure 2A).

As with our assessment of TBARS, we next measured steady-state CcOX activity in
forebrain mitochondria isolated from separate subgroups of mice following exposure for 20
or 40 minutes. Changes in CcOX kinetics began 20 minutes following exposure to
isoflurane and CO alone, though, did not reach statistical significance between groups until
the 1-hour time point (figure 2A—C). However, within exposure cohorts, CcOX activity
significantly increased at 40 minutes compared to the 20 minute time point following
exposure to 5 ppm CO and significantly increased at 40 minutes and 1-hour compared to the
20 minute time point following exposure to 5 ppm CO with isoflurane (figure 2D). The
findings indicate that independent exposure to either isoflurane or low concentration CO
stimulates and activates forebrain CcOX. However, combined exposure paradoxically limits
CcOX activation in a dose-dependent manner for CO.

In order to determine if changes in enzyme activity following 1-hour exposure were on the
basis of protein content, we performed immunoblot analysis for steady-state levels of
forebrain CcOX subunit I, the active site. Although steady-state levels of CcOX subunit |
fluctuated between groups, these differences were not statistically significant (figure 3).
Thus, changes in enzyme activity following exposure must have been due to post-
translational modification of CcOX.

Oxidative stress following exposure to CO with or with isoflurane correlates strongly with
CcOX activity

Mitochondria are the major source of ROS production within cells (12). Furthermore, CcOX
dysregulation can result in oxidative stress. Thus, we performed linear regression analysis to
determine the relationship between mitochondrial lipid peroxidation and CcOX kinetics at
the 20 minute, 40 minute, and 1-hour time points. Although there was no significant
correlation at the earlier time points, the level of TBARS in forebrain mitochondria
following 1-hour exposure correlated strongly in a highly significant manner with steady-
state CcOX specific activity (r = 0.97) (figure 4). Although the lack of correlation between
TBARS and CcOX kinetics at the 20 and 40 minute time points may reflect the dynamics of
lipid peroxidation and the lag phase, the findings at the 1-hour time point suggest a potential
role for CcOX dysregulation as an etiology for oxidative stress induced by either exposure
to isoflurane or CO. Furthermore, the relationship suggests the importance of CcOX
modulation in limiting oxidative stress following combined exposure to isoflurane with CO.
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Brief exposure to isoflurane or CO does not affect protein levels of BCL-2 or BCL-xL

In addition to oxidative stress, anesthesia-induced activation of the mitochondrial apoptosis
pathway also involves downregulation of the anti-apoptotic proteins, BCL-2 and BCL-xL (6,
8). In contrast, CO exposure has been shown to induce BCL-2 expression (20). BCL-2 has
the potential to regulate CcOX activity and is necessary for CO-induced modulation of
oxidative phosphorylation and cytoprotection (20). Likewise, BCL-XL enhances
bioenergetic efficiency by reducing excess ion flux across the mitochondrial inner
membrane (37, 38). Therefore, we determined steady-state levels of BCL-2 and BCL-xL
protein with immunoblot analysis in forebrain mitochondria immediately following 1-hour
exposure to CO with or without isoflurane. We found no differences in steady-state levels of
either protein between any of the exposed cohorts (figure 5). Thus, changes in lipid
peroxidation and CcOX activity following 1-hour exposure to isoflurane, CO, or their
combination were not associated with acute changes in BCL-2 or BCL-xL expression.

Combined exposure to CO and isoflurane increases tyrosine phosphorylation of CcOX

subunit |

CcOX is regulated by a number of mechanisms. Phosphorylation of tyrosine 304 of CcOX
subunit I, the active site, has been shown to result in strong enzyme inhibition (39).
Although additional CcOX phosphorylation sites have been identified, their functional roles
have not been defined (40). Therefore we assessed for steady-state levels of phosphotyrosine
in CcOX extracted from isolated forebrain mitochondria using immunaoblot analysis
immediately following 1-hour exposure to CO with or without isoflurane.

A 57 kD band was readily detected in each experimental cohort suggesting tyrosine
phosphorylation of CcOX subunit | (figure 6). Steady-state levels of phosphotyrosine
significantly decreased following exposure to 5 ppm CO compared to air-exposed controls
(figure 5). However, exposure to 100 ppm CO significantly increased tyrosine
phosphorylation of CcOX when compared to the 5 ppm CO-exposed cohort (figure 6).
Furthermore, steady-state levels of phosphotyrosine significantly increased following
combined exposure to 5 ppm CO with isoflurane compared to 5 ppm CO exposure alone and
significantly increased following 100 ppm CO exposure with isoflurane compared to
isoflurane exposure alone (figure 6). The findings indicate differential effects of CO on
tyrosine phosphorylation of CcOX depending on concentration and a synergistic effect of
combined exposure to CO with isoflurane.

Discussion

Oxidative stress is an important mediator of anesthesia-induced neurotoxicity in the
developing brain (10). However, the underlying mechanisms of free radical production
caused by anesthetics are not well understood. Consistent with prior work, we demonstrate
that 1-hour exposure to isoflurane causes lipid peroxidation and increases CcOX activity in
the forebrain of 7 day old male mice (9, 10, 34, 36). CO, unlike isoflurane, has the potential
to either cause or limit ROS production depending on the mitochondrial transmembrane
potential, and stimulates or reversibly inhibits CcOX depending on the concentration of
exposure (18-21). Here we found that both concentrations of CO increased lipid
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peroxidation within forebrain mitochondria and independently stimulated CcOX following
the 1-hour exposure. The CO-induced increases in CcOX kinetics are consistent with known
effects of low concentration CO exposure (20). Finding increased levels of lipid
peroxidation in both CO-exposed cohorts suggests that enhanced CcOX activity following
exposure likely led to hyperpolarization of the mitochondrial membrane potential, resulting
in superoxide radical generation (12, 13).

Importantly, isoflurane- and CO-induced increases in lipid peroxidation were not seen until
the 1-hour time point. MDA levels initially declined at the 20 minute time point following
initiation of isoflurane exposure, increased toward control values at the 40 minute time
point, and then rose significantly by 1 hour. A similar pattern was seen following exposure
to 100 ppm CO, however, the relative decrease in MDA levels was not seen until the 40
minute time point. The delay in appearance of markers of lipid peroxidation likely reflects a
lag phase following initiation of oxidative stress due to endogenous anti-oxidant defenses
and the time necessary for MDA formation (41, 42). In addition, the decrease in TBARS at
20 minutes in the isoflurane-exposed cohorts and at 40 minutes in the 100 ppm CO-exposed
animals suggests potential activation of detoxification processes and rapid metabolism of
MDA via oxidation and decarboxylation, for example (43). However, the acute increase in
markers of lipid peroxidation at the 1-hour time point suggests the onset of the propagation
phase and is consistent with the previously reported timeline of TBARS formation during
hydrogen peroxide induced oxidative stress (42).

Changes in CcOX activity began early during isoflurane or CO exposure, with maximal and
significant increases seen at the 40 and 60 minute time points (coincident with the
propagation phase of lipid peroxidation). Although both isoflurane and CO independently
enhanced CcOX activity and induced oxidative stress in the developing brain following
exposure alone, combined exposure to both gases relatively reduced CcOX activity in a
concentration-dependent manner for CO and paradoxically decreased forebrain lipid
peroxidation. These findings are somewhat surprising given that each agent induced
oxidative stress on its own. The data indicate that simultaneous exposure somehow limited
the activation of CcOX, partially inhibited the enzyme (or both) and resulted in a relative
anti-oxidant state compared with single gas exposure. The strong and tight correlation
between lipid peroxidation and CcOX specific activity at the 1-hour time point suggests that
CcOX dysregulation and stimulation may play a role in isoflurane- and CO-induced
oxidative stress and that CcOX modulation may limit ROS production during combined
exposure. We, however, cannot definitively conclude that changes in CcOX activity caused
or prevented lipid peroxidation as part of this study because we did not specifically attempt
to uncouple the two processes. Such an approach will need to be performed in future work to
establish a causative role for CcOX with regard to oxidative stress in this context.
Furthermore, our assumption that the lack of correlation between TBARS and CcOX
kinetics in the early time points was due to the lag phase will need to be further tested and
confirmed.

The increases in CcOX kinetics seen following 1-hour 100 ppm CO exposure are of interest
because they were relatively less than those seen following 5 ppm CO exposure and suggest
a lesser degree of CcOX activation, a relative inhibition of the enzyme, or both.
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Unfortunately, as part of this work we did not expose cohorts to concentrations beyond 100
ppm CO to better define this relationship. However, previous work has demonstrated that
exposure to 1000 ppm CO for 30 minutes inhibited CcOX within rodent forebrain
mitochondria (44). Thus, by way of extrapolation, we postulate that CcOX activation lessens
as the concentration of CO increases and that enzyme inhibition becomes a more prominent
feature following exposure to concentrations greater than 100 ppm CO. Such a hypothesis
will need to be tested in future work and will need to include measures of mitochondrial
transmembrane potential to provide a better understanding of the effects on electron flux.

As for an explanation of the paradoxical reduction in lipid peroxidation and CcOX activity
following combined exposure, there is no guidance provided by previous investigation.
CcOX is known to be regulated by a number of mechanisms. The anti-apoptotic proteins,
BCL-2 and BCL-xL, for example, are known modulators of CcOX and oxidative
phosphorylation and both have been shown to be downregulated by long duration anesthetic
exposures (6, 8, 20, 37, 38). However, in this work, we found no change in steady-state
levels of either protein following brief exposure to CO with or without isoflurane. This was
likely due to the short duration of experimental exposure and the fact that we evaluated for
protein expression immediately following the 1-hour exposure. Furthermore, changes in
CcOX Kinetics were also not associated with altered levels of CcOX subunit I. Thus,
differences in CcOX activity must have been due to post-translational modification of CcOX
following exposure. Therefore, the two regulatory mechanisms most likely responsible for
the modulation of CcOX activity seen following combined exposure to isoflurane with CO
in this study are changes in ATP-dependent allosteric inhibition of the enzyme or reversible
subunit phosphorylation.

Phosphorylation sites have been identified on all of the electron transport chain enzyme
complexes, however, the majority of kinases and phosphatases regulating their
phosphorylation state remain unknown (45). Phosphorylation of CcOX is thought to rapidly
modulate enzyme function and permit adaptation to meet cellular needs (45). CcOX has at
least 14 known phosphorylation sites located on the amino acids of several different subunits
(40, 45). For the majority of these sites, the functional consequences of phosphorylation
remain undefined (40). However, for tyrosine 304 of CcOX subunit I, phosphorylation has
been clearly shown to result in strong enzyme inhibition (39). Therefore, we focused on
assessing the degree of tyrosine phosphorylation of CcOX extracted from isolated forebrain
mitochondria immediately following 1-hour exposure to CO with or without isoflurane.

A readily detectable phosphotyrosine band was seen in the air-exposed cohort, suggesting
that CcOX may be under tonic inhibition in the developing forebrain at baseline. Although
we did not confirm that the 57 kD band specifically represented phosphorylated tyrosine
304, the associated directionality of change in CcOX activity in each cohort was consistent
with the state of phosphorylation given the known inhibitory effect of tyrosine 304
phosphorylation. For example, exposure to 5 ppm CO significantly decreased tyrosine
phosphorylation of forebrain CcOX and was associated with an increase in CcOX specific
activity. On the other hand, exposure to 100 ppm CO increased CcOX phosphotyrosine
levels relative to the 5 ppm CO-exposed cohort and, as would be expected, was associated
with a relative decrease in CcOX activity. Combined exposure to CO with isoflurane
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increased the degree of tyrosine phosphorylation of CcOX in both CO-exposed cohorts and
was associated with enzyme kinetics that tended to be slower than those seen following
exposure to concentration-matched CO alone. Taken together, the data suggest that tyrosine
phosphorylation of CcOX subunit I might contribute, in part, to the modulation of CcOX
kinetic activity following exposure to CO with or without isoflurane. However,
hyperphosphorylation of CcOX did not inhibit the enzyme relative to air-exposed controls.
Thus, control of CcOX kinetics under these conditions is likely a complex process and may
involve a variety of other regulatory mechanisms which may become activated or inhibited
by isoflurane and CO.

Tyrosine 304 is phosphorylated by a cyclic adenosine monophosphate (cCAMP)-dependent
mechanism (33). Although the exact kinase involved is unknown, elevated cCAMP levels
have been shown to result in phosphorylation of tyrosine 304 and subsequent CcOX
inhibition (33). Exogenous CO has the potential to activate adenylate cyclase and increase
cAMP content in exposed cells (46, 47). Thus, it is possible that exposure to 100 ppm CO
enhanced adenylate cyclase activity and increased cAMP levels in the forebrain of exposed
mice, leading to tyrosine phosphorylation of CcOX and partial inhibition of the enzyme
relative to the 5 ppm CO exposure. Although it is unclear why the lower concentration of
CO led to dephosphorylation of CcOX, the differential effects of each concentration of CO
on tyrosine phosphorylation may underlie the differential effects seen with CcOX activity
following exposure.

It is less clear why combined exposure to CO with isoflurane resulted in robust tyrosine
phosphorylation. Although not well studied, volatile anesthetics have been shown to inhibit
adenylate cyclase and cAMP production and isoflurane has been shown to prevent the
increases in cardiomyocyte cCAMP seen following stimulation with isoproterenol (48, 49).
Such properties could potentially explain the relatively unchanged CcOX phosphotyrosine
levels seen following isoflurane exposure alone, but do not provide insight into the
significant increases in phosphorylation seen following combined exposure to isoflurane
with either concentration of CO. Thus, the mechanism of enhanced phosphorylation during
such combined exposure is not obvious and will need to be explored in future work.

Conclusions

During low-flow general anesthesia, when re-breathing is permitted, infants and children
routinely inspire low concentrations of CO (16, 17). A common source of CO in this clinical
setting is exhaled CO generated via endogenous heme catabolism (17). Because exhaled CO
is not scavenged or removed from the anesthesia breathing circuit, patients are
simultaneously exposed to both low concentration CO and inhaled anesthetic agents (17,
50). In prior work we demonstrated that clinically relevant concentrations of CO limit and
prevent isoflurane-induced apoptosis in the forebrain of newborn mice in a dose-dependent
manner (22). Here we found that combined exposure to CO with isoflurane limited CcOX
activation and oxidative stress in the developing brain. Consistent with our previous
findings, exposure to 100 ppm CO with isoflurane yielded outcome measures that
approximated air-exposed control values. Thus, higher concentrations of CO may be
required to offset the pro-oxidant effects of volatile anesthetics. Although further work is
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necessary, these CO-mediated cellular protective effects could have implications for the
development of low-flow anesthesia and CO re-breathing in infants and children in order to
prevent anesthesia-induced oxidative stress.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Thiobarbituric acid reactive substances (TBARS) in forebrain mitochondria following
exposure to carbon monoxide (CO) with or without isoflurane

Levels of TBARS were determined with a colorimetric assay in mitochondria isolated
immediately following exposure. Values from the six experimental cohorts are expressed as
means plus standard deviation. (A) TBARS following 1-hour exposure. N = 6 animals per
cohort. (B) TBARS following 20 minute exposure. N = 3 animals per cohort. (C) TBARS
following 40 minute exposure. N = 3 animals per cohort. (D) TBARS over time. Statistical
significance was determined at each time point with two-way ANOVA using post hoc
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Tukey’s test. One-way ANOVA was utilized to assess significance within each experimental
cohort over time. *P < 0.05 vs. CO (or air) matched exposure without isoflurane at same
time point. TP < 0.001 vs. air-exposed control at same time point. $P < 0.005 vs. air-
exposed control at same time point. @P < 0.005 vs. CO matched exposure without
isoflurane at same time point. #P < 0.01 vs. CO matched exposure without isoflurane at
same time point. *P < 0.01 vs. cohort matched exposure at 20 and 40 minutes. &P < 0.05
100 ppm CO at 40 minutes vs. cohort matched exposure at 20 minutes.
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Figure 2. Cytochrome oxidase (CcOX) kinetic activity following exposure to CO with or without
isoflurane

Steady-state CcOX specific activity was measured in isolated mitochondria immediately
after exposure. Values are expressed as means plus standard deviation. (A) CcOX kinetics
following 1-hour exposure. N = 6 animals per cohort. (B) CcOX kinetics following 20
minute exposure. N = 3 animals per cohort. (C) CcOX kinetics following 40 minute
exposure. N = 3 animals per cohort. Statistical significance was determined at each time
point with two-way ANOVA using post hoc Tukey’s test. One-way ANOVA was utilized to
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assess significance within each experimental cohort over time. *P < 0.05 vs. 100 ppm CO +
isoflurane, 5 ppm CO at the same time point. *P < 0.05 vs. 100 ppm CO + isoflurane at the
same time point. TP < 0.01 vs. air-exposed control at the same time point. $P < 0.001 vs.
air-exposed control at the same time point. @P < 0.05 vs. cohort matched exposure at 20
minutes.
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Figure 3. Cytochrome oxidase (CcOX) expression following 1-hour exposure to CO with or
without isoflurane

A representative immunoblot of steady-state levels CcOX subunit | protein is depicted.
Concentration of CO exposure (or air [0 ppm]) with (+) or without (=) isoflurane is
indicated. VDAC was used as the mitochondrial protein loading control. Graphical
representation of relative densities is shown below the blot. Values were normalized to
VDAC density and are expressed as means plus standard deviation. Air-exposed control
values were set arbitrarily to 1. N = 3 animals per cohort. Statistical significance was
determined with two-way ANOVA using post hoc Tukey’s test.
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Figure 4. Correlation between thiobarbituric acid reactive substances (TBARS) and cytochrome

oxidase (CcOX) kinetic activity

Linear regression analysis of level of TBARS with CcOX specific activity was performed.
Pearson correlation coefficients and r-values were calculated. Values are expressed as means
+/- standard deviation. (A) Correlation following 20 minute exposure. N = 3 animals per
cohort. Pearson correlation coefficient is 0.06 and r-value is 0.24. P = 0.65. (B) Correlation
following 40 minute exposure. N = 3 animals per cohort. Pearson correlation coefficient is
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0.15 and r-value is 0.38. P = 0.45. (C) Correlation following 1-hour exposure. N = 6 animals
per cohort. Pearson correlation coefficient is 0.94 and r-value is 0.97. TP < 0.002.
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Figure 5. Expression of BCL-2 and BCL-xL following exposure to CO with or without isoflurane
Steady-state levels of (A) BCL-2 and (B) BCL-xL protein were determined. Representative

immunoblots are depicted. Concentration of CO exposure (or air [0 ppm]) with (+) or
without (=) isoflurane is indicated. VDAC was used as the mitochondrial protein loading
control. Graphical representations of relative densities are shown below the blots. Values
were normalized to VDAC density and are expressed as means plus standard deviation. Air-
exposed control values were set arbitrarily to 1. N = 3 animals per cohort. Statistical
significance was determined with two-way ANOVA using post hoc Tukey’s test.
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Figure 6. Tyrosine phosphorylation of cytochrome oxidase (CcOX) subunit |
CcOX was extracted from isolated mitochondria and steady-state levels of phosphotyrosine

were determined. (A) A representative immunoblot of the 57 kD band is depicted.
Concentration of CO exposure (or air [0 ppm]) with (+) or without (=) isoflurane is
indicated. CcOX subunit I (57 kD) staining with Coomassie dye was used as the loading
control. (B) Graphical representation of relative densities is shown. Values are expressed as
means plus standard deviation. Air-exposed control values were set arbitrarily to 1. N = 3
animals per cohort. Statistical significance was determined with two-way ANOVA using
post hoc Tukey’s test. *P < 0.05 vs. air-exposed control. P < 0.025 vs. 5 ppm CO. tP <
0.005 vs. 5 ppm CO. $P < 0.005 vs. air + isoflurane.
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