Recovery of Energy Metabolism in Rat Brain after Carbon Monoxide Hypoxia
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Abstract

Carbon monoxide (CO) may inhibit mitochondrial electron
transport in the brain and increase the toxic effects of the gas.
This hypothesis was investigated in anesthetized rats during
CO exposure and recovery at either normobaric or hyperbaric
0, concentrations. During exposure and recovery, we measured
the oxidation level of cerebrocortical cytochrome c oxidase by
differential spectroscopy and biochemical metabolites known
to reflect aerobic energy provision in the brain. CO exposure
(HbCO = 71x£1%) significantly decreased blood pressure and
cytochrome oxidation level. Cerebral ATP was maintained
while lactate/pyruvate, glucose, and succinate rose, and phos-
phocreatine (PCr) fell, relative to control (P < 0.05). Intracellu-
lar pH (pHi) calculated from the PCr equilibrium also declined
during the exposures. During recovery, HbCO fell more rap-
idly at hyperbaric than at normobaric O, levels, but returned to
10% or less in both groups by 45 min. Cytochrome oxidation
state improved to 80% of control after 90 min at normobaric O,,
but recovered completely after hyperbaric O, (P < 0.05). In
normobaric O,, PCr and pHi continued to fall for 45 min after

CO exposure and did not recover completely by 90 min. PCr

and pHi in animals after hyperbaric O, improved within 45
min, but also remained below control at 90 min. These data
indicate that intracellular uptake of CO can impair cerebral
energy metabolism, despite the elimination of HbCO from the
blood. (J. Clin. Invest. 1992. 89:666-672.) Key words: oxygen
mitochondria « cytochrome c-oxidase ¢ respiration « differential
spectroscopy

Introduction

The mechanism of CO toxicity is related to cellular hypoxia
and is caused by its tight but reversible binding to hemoglobin
(1). This produces functional anemia, increases O, binding to
hemoglobin at low partial pressures of oxygen (Po,) (2), and
lowers the venous Po, of the brain despite increases in cerebral
blood flow (3). This mechanism deprives cerebral mitochon-
dria of oxygen, but it may not explain all of the clinical conse-
quences (e.g., delayed cerebral manifestations) of toxic expo-
sure to the gas. An extravascular binding site for CO was sus-
pected as early as 1927 by J. B. S. Haldane (4), and CO binding
by cellular hemoproteins, e.g., myoglobin and cytochrome ¢
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oxidase (E.C. 1.9.3.1), was reported years ago. Cellular CO up-
take, however, has been discounted frequently in the patho-
physiology of CO hypoxia because of the high CO/O, needed to
achieve binding in vitro (1). Over the past few years, intracellu-
lar CO uptake by myoglobin in dog muscle (5) and by cy-
tochrome ¢ oxidase in rat brain (6) have been established in
vivo, but their roles in the pathophysiology of CO poisoning
are uncertain.

The extent of CO binding to cytochrome oxidase in the
brain is important because of the enzyme’s role in mitochon-
drial electron transport and aerobic production of ATP by the
cell (7). Cytochrome oxidase, which reduces O, to water in a
four electron reaction, binds CO in vitro in any of its four
reduced valence states (8). Although the partial pressures of CO
in tissue are quite low, once CO binds to the oxidase, its release
from the enzyme after reoxygenation of the tissue could be
slower than its release from Hb, particularly if mitochondrial
Po, is low (9). This chemical behavior would increase the toxic
effects of CO in vivo and could be used to distinguish CO
hypoxia from hypoxic hypoxia. Although many studies have
drawn parallels between the two conditions, none have closely
examined the recovery of energy metabolism during reoxygen-
ation. During severe exposures, the Po, at the mitochondrial
oxidase could approach zero, and CO could bind to the iron-
porphyrin active site without competition from O, (10). At
very low Po,, inhibition of electron transport by CO and O,
limitation would decrease respiration; however, CO inhibition
of the oxidase could delay restoration of oxidative phosphory-
lation, as well as impart a greater potential for reoxygenation
injury to the brain after CO hypoxia.

In the present study, we assessed the recovery of cellular
energy metabolism, mitochondrial oxidation state, and intra-
cellular pH in the cerebral cortex of the rat after massive CO
hypoxia. We hypothesized that these metabolic parameters,
sensitive both to tissue hypoxia and to inhibition of electron
transport by CO, would recover more readily by increasing the
extent of alveolar hyperoxia after exposure if CO binding to
cytochrome oxidase significantly increased the toxic effects of
the gas. The biochemical data also were compared to results of
control studies of cerebrocortical energy metabolism after a
similar period of hypoxic hypoxia and recovery.

Methods

The experiment consisted of two parts. In the first part, cardiopulmo-
nary and cerebrocortical oxidation-reduction (redox) changes were as-
sessed in response to CO exposure and 90 min of recovery at normo-
baric or hyperbaric concentrations of oxygen. In the second part of the
experiment, the brains of the animals were frozen rapidly in situ under
control conditions, after CO exposure, or after 45 or 90 min of recovery
at high inspired Po, values. Samples of cortical tissue were extracted
and then assayed for concentrations of high energy metabolites known
to reflect limitations in energy supply.

Animal preparation. Adult male Sprague Dawley rats (Charles
River Laboratories, Wilmington, MA) weighing 250-350 g were used



in the experiments. The animals were anesthetized with intramuscular
ketamine (50 mg/kg) and diazepam (5 mg/kg), and a tracheotomy was
performed. The inferior vena cava was cannulated with polyethylene
tubing (PE 50) via the femoral vein. This venous line was used for
administration of supplemental anesthetics at one third of the induc-
tion dose per hour. One femoral artery was cannulated for continuous
blood pressure monitoring (T12AD-R; Spectramed, Oxnard, CA) and
intermittent sampling of arterial blood for blood gas and pH determina-
tions (model 813 pH/Blood-Gas Analyzer) and HbCO measurements
(model 482 Co-oximeter, both from Instrumentation Laboratories,
Lexington, MA). The animals were placed on a positive pressure ro-
dent respirator (EDCO Scientific, Chapel Hill, NC) after paralysis with
tubocurarine chloride (1.5 mg/kg) to prevent respiratory motion. The
animals were ventilated on a control gas mixture of 90% oxygen + 10%
nitrogen and the ventilator adjusted to provide a PaCO, of 35-40 torr,
pH 7.30-7.50, and a Pao, greater than 250 torr. Animals with inade-
quate pulmonary gas exchange by these criteria were not studied. The
body temperature was monitored with a rectal thermistor and main-
tained near 37°C, using a heating pad placed beneath the animal. The
head of each animal was immobilized in a stereotaxic device, and a
longitudinal scalp incision made to expose the skull. The bone was
cleared of periosteum, but left intact so as not to disturb intracranial-
circulatory pressure relationships.

Optical monitoring. The absorption characteristics of cerebrocorti-
cal cytochrome ¢ oxidase (cytochrome a,a,) and carboxyhemoglobin in
the visible region of the spectrum were monitored continuously
through the skull, using a four-wavelength spectrophotometer in the
reflectance mode. The technique is the differential method of Chance
(11), and the design of the instrument has been described by Jobsis et al.
(12). The spectrophotometer permitted incident light to pass through
four tunable monochromators set at 605, 620, 586, and 569 nm. The
half-bandwidth of the monochromatic output was 3 nm at 605, and
620 nm and 4 nm at 586 and 569 nm. The light exiting the monochro-
mators alternately passed down a thin fiber optic bundle for illumina-
tion of the skull and underlying cerebral cortex. The light was focused
with a lens on a spot ~ 2 mm wide just beneath the skull. The depth to
which light penetrated into the brain was not known precisely; how-
ever, most of the signal was probably derived from the first millimeter
of cerebral cortex using this optical configuration (13). Diffusely re-
flected light was collected from the ipsilateral hemisphere using an
internally reflecting glass rod coupled to the parietal bone with an opti-
cal gel, and shielded from the source by an O-ring. The intensity of the
reflected light was measured with a photomultiplier tube (model R928;
Hammamatsu, Middlesex, NJ), and the signals for each wavelength
were processed through a log amplifier. Differences in the strengths of
the photosignals from reference and sample wavelengths were in-
scribed on a multichannel recorder (model 560; Gould, Cleveland,
OH). Absorption differences at each wavelength in a pair were com-
pensated by adjusting incident light intensity to provide equal photo-
signals (2 V full scale) under control conditions before logarithmic
amplification. The effects of light scattering on the signals were not
corrected because the wavelength-dependent scattering function is rela-
tively flat in the 600-nm region, and the sample and reference wave-
lengths were closely spaced. The changes in the signals during the stud-
ies were calibrated to the total labile signal (TLS),' or the difference
between the signals in the control state and those obtained after death
(14). In some experiments, spectral scans were obtained in the cy-
tochrome a, a; region of the visible spectrum by sweeping wavelengths
from 620 to 580 nm in 3-nm increments.

Changes in the formation and dissolution of HbCO were followed
at the wavelength pair 569 minus 586 nm. This pair of wavelengths
represents a triple isosbestic wavelength for Hb, HbO,, and HbCO, and
a double isosbestic wavelength for Hb and HbO,, respectively. The

1. Abbreviations used in this paper: AT A, atmospheres of absolute pres-
sure; TLS, total labile signal.

569-586-nm difference provides a qualitative estimate of changes in
the amount of HbCO in the circulation (6). The 586-nm signal, used to
follows trends in cerebral blood (hemoglobin) volume, is also affected
by the formation and dissolution of HbCO.

Changes in the redox state of cytochrome oxidase were measured at
605 minus 620 nm (14). The optical absorption characteristics of the
enzyme complex depend upon its redox state. The reduced minus oxi-
dized difference spectrum of the oxidase shows an alpha absorption
maximum in the visible region of the spectrum at ~ 605 nm, derived
primarily from the reduced cytochrome a heme (15). CO binds to the
reduced cytochrome a; heme resulting in a decrease in absorption at
605 nm, and a new absorption shoulder at ~ 590 nm. The absorption
decrease at 605 nm caused by the formation of the cytochrome a,-CO
ligand during CO hypoxia would cause an underestimate of the reduc-
tion level of the enzyme measured at the 605-620-nm wavelength pair.
This underestimate could amount to 15-20% of the TLS if the entire
mitochondrial a; population became reduced and bound CO during an
exposure. In the rat brain, the latter effect may contribute 10% of the
total signal, as measured by comparison of the responses to transient
cerebral anoxia to those at death with CO and anoxia.

Changes in the optical properties of hemoglobin will generate a
signal at the 605-620-nm wavelength pair that increases the cy-
tochrome signal by ~ 15% between the fully oxygenated condition and
complete deoxygenation at death (16). Conversion of HbO, to HbCO
also increases the OD at 605 and 620 nm (17). Since the OD ratio of
HbCO to HbO, is 10% greater at 620 than at 605 nm, formation of
HbCO from HbO, will appear as a reduction response of cytochrome
oxidase by ~ 10% of the change in the hemoglobin signal (17). At 70%
HbCO, as produced in this study, HbCO formation will increase the
cytochrome reduction signal by about 1% (15% X 0.1 X 0.7).

Metabolite assays. The brains of control and CO-exposed animals
were frozen with liquid nitrogen (N,) in situ at different times during
the experiments, as performed previously in our laboratory (18). This
harvesting procedure was adapted from the funnel freezing method of
Ponten et al. (19). During the procedure, the freezing front passed
through the brain cortex in 3-5 s while cardiac output sustained cere-
bral blood flow and tissue oxygenation. This process was designed to
minimize autolytic degradation of high energy phosphate metabolites.
After freezing the brain for 5 min in situ, the head was immersed in
liquid N, for another 5 min. The head was then removed, the skull was
chiseled away under constant irrigation with N,, and the brain was
stored en bloc at —80°C until assayed a few days later. Just before assay,
the temperature of the frozen brains was allowed to rise to —20°C in a
cold room to facilitate dissection of thin samples of parietal cortex from
the areas of optical monitoring. Cortical samples of ~ 100 mg were
weighed and transferred immediately to homogenizer tubes containing
0.1 N HCl in methanol at —20°C. The cortical tissues were extracted
using the method of Folbergrova et al. (20), and the supernatant frac-
tions were neutralized to pH 7.0.

Aliquots of the supernatants were assayed in duplicate for concen-
trations of phosphocreatine (PCr), creatine (Cr), adenosine triphos-
phate (ATP), adenosine diphosphate (ADP), lactic acid (L), pyruvic
acid (P), and glucose (G) on a fluorometer (Turner model 112) accord-
ing to the methods of Lowry and Passoneau (21). Succinic acid concen-
tration was determined fluorometrically using a modification of the
spectrophotometric method of Bergmeyer (22). In this procedure, ITP
was used to produce succinyl CoA from succinate, and Coenzyme A in
the presence of succinyl thiokinase (E.C. 6.2.1.4). IDP was then rephos-
phorylated to ITP by phosphoenolpyruvate in the presence of pyruvate
kinase (E.C. 2.7.1.40). The pyruvate product was assayed by measuring
the disappearance of NADH fluorescence in the lactate dehydrogenase
(E.C. 1.1.1.28) reaction. Standard solutions of metabolites were veri-
fied spectrophotometrically, and aliquots of the standards were ana-
lyzed fluorometrically to obtain standard curves for each batch of sam-
ples. All chemicals, enzymes and co-factors were obtained from Sigma
Chemical Co. (St. Louis, MO).

Carbon monoxide and oxygen exposures. The exposures to carbon
monoxide and oxygen were performed in a hyperbaric chamber using
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commercially mixed gases as reported previously (6). The spectropho-
tometer was installed in the chamber, and the electrical cables from the
photodetector to the amplifier system were passed directly through the
steel hull via epoxy-potted penetrations. All of the animals were ex-
posed first to 90% O, + 10% N, for assessment of pulmonary gas ex-
change as noted above. After this baseline period, animals were ex-
posed to either 12% O, balance N,, or to 1% CO in 90% O, (balance N,)
for 15 min. These hypoxic exposures were followed by recovery on the
control gas mixture (90% O, + 10% N,) at either 1.0 atm or 2.5 atm of
absolute pressure (ATA) for 45 to 90 min. In the first series of CO
exposures, continuous optical monitoring was performed to observe
the cerebrocortical redox responses to hypoxia and 90 min of recovery.
These animals were killed after the experiments with intravenous KCl
to obtain a TLS for the cerebral redox responses. In the second series of
exposures, brains were frozen in 6 to 10 animals in each of six experi-
mental groups according to the profiles outlined in Table I. Control
samples of cortical tissue also were obtained from three groups of ani-
mals exposed to profiles indicated in Table I.

Calculation of intracellular pH (pHi). The intracellular pH (pHi)
was estimated from the creatine phosphokinase (E.C. 2.7.3.2) reaction:

Keex
[ADP*] + [PCr] + [H*] 2 [ATP*] + [Cr]
Assuming equilibrium of the reaction, use of the expression:
Keek = [ATP][Cr)/[ADP)[PCr]{H"]

and a Kpg of 0.074 X 10° M™! (23), an estimate of the hydrogen ion
[H*] concentration at the time of freezing was obtained. This calcula-
tion assumed stability of the Kp, intracellular [Mg**], and the adenyl-
ate kinase equilibrium. It also neglected any compartmentation of en-
ergy metabolites in the cell.

Table I. Exposure Profiles for Brain Metabolite Assa ys‘

Freezing
Group Exposure conditions Time conditions
min
Experimental
1 90% O, + 10% N, 15 X
2 90% O, + 10% N, 15
90% O, + 1% CO 15 X
3 90% O, + 10% N, 15
90% O, + 1% CO 15
90% O, + 10% N, 45 X
4 90% O, + 10% N, 15
90% O, + 1% CO 15
90% O, + 10% N, 90 X
5 90% O, + 10% N, 15
90% O, + 1% CO 15
90% O, + 10% N, (2.5 ATA) 45 X
6 90% O, + 10% N, 15
90% O, + 1% CO 15
90% O, + 10% N, (2.5 ATA) 45
90% O, + 10% N, 45 X
Control
1C 90% O, + 10% N, 15 X
2C 90% O, + 10% N, 15
12% O, + 88% N, 15 X
3C 90% O, + 10% N, 15
12% O, + 88% N, 15
90% O, + 10% N, 45 X
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Statistical methods. All grouped data were expressed as mean and
SEM. Statistical significance was determined by one-way ANOVA and
the Scheffe F-test, using a commercially available software package
(StatView 512; Brain Power Inc., Calabasas, CA). A value of P < 0.05
was accepted as significant.

Results

Anesthetized rats exposed to CO or to alveolar hypoxia showed
the expected decreases in arterial blood pressure and O, con-
tent. The HbCO level in CO-exposed rats reached a plateau
near 70% in 5-7 min. The cerebrocortical cytochrome oxida-
tion level fell gradually during CO exposure to 43+6% of con-
trol. A similar oxidation level of 45+7% was achieved in the
first few minutes of the 15-min exposures to 12% O,. These
cytochrome responses, when corrected for the opposing effects
of Hb and CO on the spectrum of cytochrome oxidase (see
Methods), suggest that hypoxemia produced an oxidation level
of about 50%, while CO exposure produced an oxidation level
of about 40% of control. These results provided a rationale for
selecting 12% O, to determine the reversibility of the changes in
cerebral high energy and carbohydrate metabolites produced
by hypoxemia in our animal model.

After the CO exposures, the HbCO levels in both of the O,
treatment groups approached normal within 90 min; however,
the oxidation state of cytochrome oxidase at 1.0 ATA recov-
ered only to ~ 80% of its initial value, and the enzyme re-
mained more reduced for at least 90 min after reoxygenation of
the brain. In preliminary experiments, some of the animals
subsequently showed gradual reoxidation of the enzyme and
others died after a few hours. The oxidation state of the enzyme
after exposure to 12% O, recovered rapidly to its control value
and remained stable for at least two hours thereafter (data not
shown). The oxidation level of the enzyme after CO exposure
could be restored to its preexposure baseline within 10 min by
the administration of 90% O, at 2.5 ATA. Fig. 1 A compares
the cerebrocortical responses of cytochrome oxidase to CO and
recovery in these two groups of O,-treated animals. The figure
demonstrates both failure of the cytochrome a4, a; oxidation
state to return to control after 90 min at 1.0 ATA, and the
return of oxidation state to near normal within 10 min in the
animals treated at 2.5 ATA. These findings were influenced
quantitatively by changes in HbCO and blood volume, but the
569-586-nm signals in both groups returned gradually towards
baseline after the CO exposures. Of note, both groups of ani-
mals showed similar declines in blood pressure with the CO
exposures; however, the group treated at 2.5 ATA had a better
recovery of the blood pressure (Fig. 1 B).

Fig. 2 shows the difference spectrum-of the brain cortex
after 45 min of normobaric recovery vs. an additional 15 min
of hyperbaric recovery. For these experiments, brain spectra at
1.0 ATA were obtained 45 min after the CO exposures when
the HbCO level had declined almost to normal. Chamber pres-
sure then was increased to 2.5 ATA over 5 min and the scans
were repeated after 15 min. After subtraction of the 2.5 ATA
from the 1.0 ATA scan and linear correction of the baseline,
the difference spectrum revealed the alpha band of reduced
cytochrome a,a at 605 nm, and a prominent CO-a, absorption
band at 590-596 nm. The maximum OD of this CO-a; band
was 10-15% of the TLS at 605-620 nm. This result indicated
that the higher Po, reoxidized a small fraction of the enzyme in
the brain that had remained inhibited after the CO exposure.
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Figure 1. (4) Changes in cerebral cytochrome a,a; oxidation state during and after CO hypoxia. Reflectance spectroscopy was used to monitor the
oxidation state of cytochrome a,a, at 605 minus 620 nm in the brain cortex of anesthetized rats. CO exposures were 1.0% CO in 90% O, (balance
N,) for 15 min followed by 90 min of recovery on 90% O, at normobaric (1.0 ATA, n = 7) or hyperbaric (2.5 ATA, n = 8) conditions. Values
are mean+SEM. Stars indicate significant differences (P < 0.05) in recovery responses between the two groups. Peak HbCO levels were ~ 70%
in both groups of animals. (B) Arterial blood pressure responses to CO hypoxia and recovery. The figure illustrates the extent of decline in
blood pressure during CO hypoxia and a small but significant difference in the mean arterial blood pressure after CO hypoxia between the two
groups of rats in 4. An augmented response after CO hypoxia was present in the 2.5 ATA group but not in animals treated at 1.0 ATA. This
difference in response may be related to the vasodilator effect of CO, to the vasoconstrictor response to oxygen, or both. All values are mean+SEM.

The physiological responses of the rats in the freezing pro- during CO exposure. The glucose and succinate concentrations
tocols to CO exposure and hyperoxic recovery at either 1.0 or in the brain continued to rise for 45 min after the CO exposure
2.5 ATA are compared in Tables II and III. The tables indicate in the 1.0 ATA treatment group, and were significantly higher
that the responses of these groups of animals differed from the than the values in the 2.5 ATA group at 45 min (P < 0.05).
animals in the optical studies only by the lack of a difference in These intermediates, however, recovered after 90 min of reoxy-
blood pressure at the time of brain harvesting between the two genation to approximately the same degree in both O, proto-
O, groups. The O, treatment data indicated a slower rate of  cols.
elimination of HbCO at 1.0 ATA as expected. After 90 min, Changes in the cerebrocortical concentrations of PCr and
however, the HbCO values had returned to near control levels creatine in response to CO exposure and recovery also are
in both O, treatment groups. The arterial O, content values shown in Table III. The pattern of responses indicates deple-
also recovered equally after both types of O, treatments. tion of PCr during, and 45 min after, CO hypoxia in the nor-

CO exposure profoundly altered the concentrations of high mobaric groups. There was a small decline in the ATP concen-
energy compounds and carbohydrate intermediates in the rat tration after 45 min of reoxygenation in the animals treated
brain cortex. These cortical changes included decreases in the with normobaric O,; however, the difference from the control
concentration of PCr, and increases in the concentrations of  value was not statistically significant. For some reason, the cre-
creatine, glucose, lactate, pyruvate and succinate. The ATP atine values remained slightly elevated in the 45-min 2.5 ATA
and ADP concentrations in the cortex were unaffected by this 0O, and the 90-min post hyperbaric O, treated groups, although
brief period of acute CO hypoxia. Similar changes in the metab- the total creatine (PCr + Cr) pool size did not differ signifi-
olite profiles were found in the brain cortex of control animals cantly from control in any of the CO exposure and treatment
exposed to 12% O, for 15 min as shown in Table II. Table II groups.

also indicates that the changes in energy metabolites after hyp- The results of the intracellular pH calculations for the ani-
oxic hypoxia recovered to near control values within 45 min of ~ mals exposed to CO are provided in Fig. 3. Fig. 3 indicates that
reoxygenation. the pHi declined significantly during the CO exposures, and

Differences in the recovery of brain energy metabolites continued to fall during the first 45 min of recovery on O, at 1.0
after CO hypoxia with the two O, treatment regimes are pre- ATA. Oxygen treatment at 2.5 ATA, however, returned pHi
sented in Table III. In contrast to hypoxic hypoxia, the meta- towards normal within the first 45 min of reoxygenation. The
bolic profiles after CO hypoxia continued to deteriorate for at pHi in the 2.5 ATA group was significantly higher than in the
least 45 min after the exposure in animals treated on O, at 1.0 1.0 ATA group at 45 min of recovery (P < 0.05). By 90 min,
ATA. Treatment at 2.5 ATA, however, promptly improved the pHi in the normobaric treatment group also had improved
energy metabolites after 45 min. The L/P ratio remained ele- towards normal, but it had not recovered completely. The pHi
vated after CO hypoxia in all O, treated groups, due to contin- in the 2.5 ATA treatment group was improved after 45 min
ued glycolysis and/or a slow rate of clearance of lactate built up and largely restored by 90 min; however, the difference be-
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Figure 2. Reflectance difference spectrum of rat brain cortex after CO
hypoxia. Spectra were obtained in four rats by scanning the wave-
length region between 620 and 580 nm in 3 nm increments under
two conditions. The first brain spectrum was recorded with the ani-
mal breathing O, at normobaric conditions beginning 45 min after
CO exposure as described in Fig. 1. The mean HbCO level at the
time of the first scan was 10.8+1.2% in the four experiments. The
second spectrum, obtained 15 min after increasing the atmospheric
pressure to 2.5 ATA, was subtracted from the first to obtain a reduced
minus oxidized difference spectrum. The spectrum shown is the
composite of all four experiments obtained by averaging the absorp-
tion values at each wavelength. The standard error bans shown are
representative of the variation at all wavelengths. The difference
spectrum shows an absorption maximum at 593 nm characteristic of
the absorption band of the cytochrome a;-CO ligand and an absorp-
tion shoulder at 605 nm identified with the reduced heme of cy-
tochrome a. AOD, change in optical density.

tween the two treatment groups after 90 min of recovery was
not statistically significant, possibly due to almost complete
restoration of energy metabolism after 90 min of oxygen.

Discussion

These results raise several novel and potentially important con-
cepts about the pathogenesis of CO toxicity in the brain. The
changes in brain energy metabolites in this study during CO
hypoxia are consistent with previous findings in the rat (24);
however, the energy metabolite profiles and spectroscopic data
indicate that prolonged intracellular hypoxia and acidosis may
follow relatively brief periods of severe CO hypoxia. After CO
exposure, the mitochondrial oxidation state and metabolite re-
sponses indicate that aerobic energy production in the brain
cortex was still impaired after nearly complete clearance of
HbCO from the blood, despite administration of elevated O,
concentrations. )

One important metabolic consequence of cerebral hypoxia
is the decline in the oxidation level of cytochrome oxidase as a
function of Po, (12, 25). This in vivo characteristic of the en-
zyme in the brain, and the effects of CO on brain mitochondria
in vivo in the absence and presence of Hb circulation (18, 6),
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Table II. Brain Metabolite Concentrations after CO Hypoxia or

Hypoxic Hypoxia*

Variable Control CO hypoxia 12% O, hypoxia  12% O, recovery
n 6 10 6 6
MAP 113+7 6416} 48+12* 1175
Hb 14.2+0.3 10.0+0.6* 11.7£0.4* 12.5+0.4
Ca0, 19.9+0.4 4.9+0.2% 9.6+0.8* 17.1£0.5
HbCO 2.3+0.2  71.4%0.5% 2.4+0.2 2.120.1
PaO, 31417 326+28 40+3* 394+10
PaCO, 40.4+1.1 32.8+1.2¢ 30.2+£2.0* 36.3+4.9
pHa 7.35+0.02 7.35+0.02  7.44+0.04* 7.45+0.04*
ATP 2.55+0.07 2.52+0.07 2.21+0.19 2.46+0.02
ADP 0.42+0.07 0.39+0.06 0.62+0.04* 0.18+0.03*
PCr 3.52+0.20 1.87+0.28%  1.48+0.22* 2.66+0.17*
Cr 421+0.30 7.32+0.31%+  7.85+0.15*% 5.49+0.14*
Succinate  0.33+0.03  1.22+0.15%  1.04+0.26* 0.53+0.03
Glucose  2.01+0.28 2.94+0.19*  4.61+0.20* 3.13+£0.48
Lactate 0.89+0.10 3.96+0.67%  6.04+0.65% 2.26+0.16*
Pyruvate 0.11+0.01 0.19+0.03*  0.19+0.02* 0.17+0.01*
L/P 8.0+1.1 20.6+1.8% 31.5+4.5% 13.1£1.0*%

* Hypoxic periods were 15 min in duration. The recovery period after
hypoxic hypoxia was 45 min at FIo, = 0.90. All values are mean+SE.
MAP, mean arterial pressure (mmHg); Hb, hemoglobin concentra-
tion (g/dl); CaO,, arterial oxygen content (mlO,/dl); HbCO, carboxy-
hemoglobin (%). Other abbreviations are defined in the text. ¥ Physi-
ologic variables and metabolite concentrations that are significantly
different from control (P < 0.05). Metabolite concentrations ex-
pressed as micromoles per gram wet weight.

suggest the hypothesis that CO not equilibrated with Hb during
CO hypoxia can inhibit ATP production by binding to reduced
cytochrome ¢ oxidase. A role for CO uptake by brain mito-

Table I11. Recovery of Brain Metabolites after CO Hypoxia

Group No. 3(1.0 ATA) 4 (1.0 ATA) 5(2.5 ATA) 6 (2.5 ATA)

Time 45 90 45 90

min
n 6 7 7 8
MAP 1317 11948 13613 139+8
Hb 12.5+0.5 11.2+0.4 12.1+0.7 12.3+0.2
Ca0, 16.7+0.7 15.8+0.5 16.7+1.2 15.1+0.3
HbCO 9.1+0.6 4.3+0.2 5.8+0.3 3.8+0.3
PaO, 305+19 298+15 296+58 273+24
PaCO, 39.0+3.8 41.3+4.2 32.0+6.7 38.7+2.3
pHa 7.39+0.04 7.30+0.02  7.38+0.07 7.35+0.03
ATP 2.21+0.16 2.49+0.08 2.78+0.21 2.65+0.31
ADP 0.59+0.03* 0.31+0.05  0.47+0.03 0.54+0.03
PCr 0.72+0.11*  2.98+0.20  3.11+0.31 2.67+0.31
Cr 8.46+0.16* 4.64+0.62 7.06+0.28* 6.70+0.31
Succinate  2.36+0.18*  0.46+0.17  0.69+0.21 0.91+0.21
Glucose 3.57+0.24 1.83+£0.17  2.67+0.36 2.19+0.24
Lactate 1.42+0.16 1.92+0.82 1.89+0.20 1.58+0.20
Pyruvate 0.11+0.01 0.11+0.02 0.11+0.02 0.11+.01
L/P 13.3+0.9 16.6+4.6* 20.9+3.4* 14.5+1.0

Abbreviations as defined in Table II. * Values that are significantly
different from control values (see Table II). Metabolite concentrations
expressed as micromoles per gram wet weight.



chondria in the pathogenesis of energy failure during CO hyp-
oxia also is supported by the three major findings of this study.
First, the spectral data indicate incomplete recovery of the mi-
tochondrial oxidation state in the brain after CO hypoxia. The
oxidation state of cytochrome oxidase after CO hypoxia could
be improved by the administration of hyperbaric pressures of
0,. This improvement was associated with spectral evidence of
dissolution of the cytochrome a;-CO ligand in the brain cor-
tex. Second, the progressive depletion of the PCr reserve after
CO exposure suggests that the incomplete recovery of the cy-
tochrome redox state is an important factor limiting the rate of
restoration of aerobic energy metabolism in the rat brain after
CO hypoxia. Finally, the pHi calculations provide evidence of
prolonged cerebral intracellular acidosis after CO hypoxia,
which was most pronounced after HbCO had exerted its maxi-
mal effect on O, transport to the brain. This process, too, was
ameliorated by the administration of higher O, concentrations.

In the brain, analysis of energy-related metabolites is in-
fluenced by technical variables (e.g., underestimation of PCr
concentration due to its breakdown during sampling and prepa-
ration of the tissue), and by the inability of pooled analysis to
distinguish free from bound fraction of metabolites, e.g., ADP.
Similar considerations apply to the estimation of pHi from the
CPK reaction. The method used here to harvest brain cortex
for bioenergetic profiles, however, has been studied under care-
fully controlled conditions and found to provide optimal and
consistent levels of the energy metabolites suitable for studies
of cerebral hypoxia (19-21, 24). Also, the CO-related changes
in the concentrations of the metabolites detected in this study
were reversed more easily at the higher O, concentration. A
notable exception was the concentration of lactate in the brain
which remained elevated after CO exposure, despite O, treat-
ment. This finding may reflect ongoing glycolysis, a low rate of
oxidation of lactate after the injury due to persistent mitochon-
drial dysfunction (26), or decreased clearance of lactate from
the brain, perhaps related to O,-induced vasoconstriction. The
possibility of ongoing glycolysis at high Po, after CO implies
loss of the Pasteur effect, which has been shown to be sensitive
to inhibition by CO in some tissues (27).
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Figure 3. Response of intracellular pH (pHi) to CO hypoxia and re-
covery in rat brain cortex. Values for pHi were calculated from the
phosphocreatine equilibrium and represent mean+SEM for n = 6-10
animals. *Significant differences in pHi relative to the control value
(P < 0.05).

We have considered the counter hypothesis that O,-related
differences in the rate of restoration of cerebral O, delivery
explain the differences in metabolic recovery after CO hypoxia.
Although more rapid clearance of HbCO from the blood and
greater delivery of dissolved O, occurred at the higher Po,, the
0, delivery hypothesis is unconvincing for several reasons. The
concentration of HbCO declined rapidly in both treatment
groups and was 10% or less after 45 min of reoxygenation. In
theory, both O, treatment groups should have improved, as did
the hypoxemic animals, if the mechanism of injury was simply
tissue hypoxia. Instead, the animals treated at 2.5 ATA im-
proved, while the group treated at 1.0 ATA continued to deteri-
orate (e.g., decrease in PCr concentration), consistent with inad-
equate aerobic provision of energy. The measured increase in
succinate after 45 min of recovery in the 1.0 ATA-treated
group is quite interesting in this respect because succinate
serves as an FAD-linked substrate for mitochondrial complex
I1, and its concentration is exquisitely sensitive to changes in
mitochondrial O, utilization (28). These biochemical findings
cannot be ascribed to differences in the rate at which cerebral
0, delivery was restored, because the difference in arterial O,
content, which amounted to ~ 50% at the onset of treatment,
should have been compensated for by maintenance of higher
cerebral blood flow in animals with the lower PO, and slower
rate of clearance of HbCO. This premise is based on the finding
that arterial blood pressure remained well above the autoregula-
tory threshold for the rat brain throughout the recovery period,
and on very good evidence indicating that the hypoxic brain
sustains its blood flow response until the metabolic deficit be-
gins to recover (3). This interpretation of the cerebrovascular
hemodynamic response could be confirmed experimentally
with appropriate measurements of cerebral O, delivery and
metabolic rate during recovery from CO hypoxia at various O,
concentrations.

In summary, CO-related changes in brain metabolite pro-
files, delayed recovery of mitochondrial oxidation state after
CO hypoxia and the salutary effects of high partial pressures of
inspired O, on the recovery of cerebral energetics, and pHi
support the concept that CO can directly inhibit cerebral oxida-
tive metabolism in vivo. This effect of CO is associated with a
surplus of reducing equivalents and an intracellular acidosis
which reflect energy imbalance, and could predispose to reoxy-
genation injury of brain mitochondria and ultimately to energy
failure in the cell after CO poisoning.
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