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Abstract

To quantitatively investigate the effects of pentobarbital anesthesia on brain activity, brain metabolite
concentrations and cerebral metabolic rate of glucose, in vivo proton MR spectra, and
electroencephalography were measured in the rat brain with various doses of pentobarbital. The
results show that (1) the resonances attributed to propylene glycol, a solvent in pentobarbital injection
solution, can be robustly detected and quantified in the brain; (2) the concentration of most brain
metabolites remained constant under the isoelectric state (silent electroencephalography) with a high
dose of pentobarbital compared to mild isoflurane anesthesia condition, except for a reduction of
61% in the brain glucose level, which was associated with a 37% decrease in cerebral metabolic rate
of glucose, suggesting a significant amount of “housekeeping” energy for maintaining brain cellular
integrity under the isoelectric state; and (3) electroencephalography and cerebral metabolic activities
were tightly coupled to the pentobarbital anesthesia depth and they can be indirectly quantified by
the propylene glycol resonance signal at 1.13 ppm. This study indicates that in vivo proton MR
spectroscopy can be used to measure changes in cerebral metabolite concentrations and cerebral
metabolic rate of glucose under varied pentobarbital anesthesia states; moreover, the propylene glycol
signal provides a sensitive biomarker for quantitatively monitoring these changes and anesthesia
depth noninvasively.
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Sodium pentobarbital, one type of barbiturate, has been popularly used in clinic for treatment
of seizures and preoperative sedation. It is also a common agent used for general anesthesia in
clinical and animal research. Pentobarbital rapidly distributes to all tissues, with a higher
concentration in brain, liver, and kidneys due to high lipid solubility. It can enhance the y-
aminobutyric acid receptor-coupled response, thereby directly depressing neuronal excitability
and resulting in an anesthesia effect in the brain and vanishing consciousness (see a recent
review article, Alkire et al. (1), and references therein). The suppression of neuronal activity
is also accompanied by significant depression of cerebral metabolic activity due to the
inhibition of nicotinamide adenine dinucleotide (NADH) oxidation in the respiratory chain,
and a deep pentobarbital anesthesia can induce a complete suppression of brain
electroencephalography (EEG) activity thereby reaching an isoelectric state. Therefore, the
delivery of pentobarbital into a living body can lead to a variety of brain physiologic changes,
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including EEG activity, cerebral metabolites/metabolic rates, and cerebral blood flow, and all
these changes are expected to be related to the pentobarbital concentration reached inside the
brain. It is thus essential to seek a robust, reliable tool to noninvasively assess the brain
pentobarbital concentration in vivo and, ultimately, to study the quantitative relationship
between pentobarbital anesthesia depth and physiologic changes. In vivo proton (*H) magnetic
resonance spectroscopy (MRS) could provide a suitable approach for fulfilling this task.
Nevertheless, the detection sensitivity of in vivo proton MRS is still limited to directly
measuring the brain pentobarbital due to a very low concentration under normal anesthesia
conditions. For instance, a large dose of 70 mg pentobarbital per kg of body weight could
induce a maximum brain pentobarbital concentration of approximately 300 pumol per kg brain
tissue if one assumes that pentobarbital distributes uniformly in the body and it is not
metabolized. Such a low concentration is barely detectable by in vivo proton MRS if the
sampling time is inadequately long. However, to enhance the solubility of pentobarbital, the
commercial available pentobarbital injection solution usually contains large amounts of water,
ethanol (Eth) and propylene glycol (PG). It has been demonstrated that the 1H signal of Eth is
not detectable in the rat brain with the pentobarbital anesthetic, presumably because of rapid
metabolism of Eth in a living body (2). In contrast, the PG signal can be reliably detected by
invivo proton MRS (2-5). Itis interesting to note that both pentobarbital and PG are chemically
stable in the brain and primarily metabolized in the liver in which pentobarbital is oxidized
and PG is converted to L-lactate (6). Therefore, the measure of the cerebral PG concentration
could provide an indirect, sensitive index reflecting the pentobarbital concentration in the brain.

In the present study, we used the localized in vivo proton MRS and EEG to quantitatively study
the relationships among the alterations in cerebral metabolites/metabolic rates and EEG activity
levels in the rat brain under varied anesthesia depths, which were achieved by the application
of isoflurane and two different doses of sodium pentobarbital. This study aims to address the
following questions:

1. Whatisthe implication of NMR signals of PG on quantification of brain glucose (Glc)
concentration?

2. Do the brain metabolite concentrations change with varied anesthesia depth?

3. What is the quantitative relationship of neurometabolic coupling between brain EEG
activity and cerebral metabolic rate?

4. Can the PG signal measured by in vivo proton MRS provide a unique biomarker for
monitoring anesthesia depth and cerebral metabolic rate changes caused by
pentobarbital?

MATERIALS AND METHODS

Pentobarbital Solution and Phantom Preparation

Sodium pentobarbital injection solution was purchased as a commercial product (Ovation
Pharmaceuticals, Inc., Deerfield, IL). Each milliliter of sodium pentobarbital solution contains
50 mg sodium pentobarbital, 40% (volume-volume), PG and 10% (volume-volume) Eth. In
order to identify NMR resonances resulted from anesthetic pentobarbital solution, which
overlap with the resonances of brain metabolites, two phantom solutions were prepared. One
phantom contained 5 mM sodium pentobarbital, which was directly diluted from the sodium
pentobarbital injection solution, and another contained 1 mM Glc (Sigma-Aldrich, St. Louis,
MO) in a saline solution (pH = 7.0). The temperature of the phantom solutions was maintained
at 37 £ 0.5°C inside the magnet during NMR measurements.
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Animal Preparation

Unfasted, adult male Sprague-Dawley rats (280-390 g) were divided into two groups for MR
(n=28) and EEG (n= 3) measurements with the same animal preparation procedures under three
anesthesia states. The rat femoral artery and vein were catheterized for blood sampling,
physiologic monitoring, and sodium pentobarbital infusion. Animal rectal temperature was
maintained at 37 £ 0.5°C throughout the entire experiment. The first anesthesia state was
achieved by inhalation of 2% (volume-volume) isoflurane mixed with nitrous oxide/oxygen
(3:2). After the initial MR or EEG measurements, anesthesia was turned to a deeper state by
switching the isoflurane anesthetic to the sodium pentobarbital injection solution with 30 mg/
kg bolus followed by continuous infusion of 30 mg/kg/h (defined as low-dose pentobarbital,
or Low-PB). There was a waiting period (~90 min) before performing MR or EEG
measurements until animal physiology approached a stable condition and the concentration of
isoflurane was below 0.1% (volume-volume) to minimize the residual effects of isoflurane.
The last anesthesia state was obtained by increasing the pentobarbital infusion rate to 70 mg/
ka/h after the Low-PB experiments to completely suppress brain EEG signal, which took
approximately 40 min after the high-dose pentobarbital infusion (High-PB). Animal surgical
procedures and experimental protocols were approved by the Institutional Animal Care and
Use Committee of the University of Minnesota.

MR Measurement

MR experiments were carried out at a 9.4-T/31-cm horizontal magnet (Magnex Scientific,
Abingdon, UK) equipped with VVarian INOVA console (Varian, Palo Alto, CA). Anatomic MR
imaging and in vivo proton MRS were acquired using an elliptical surface coil with a long axis
of 2 cm and a short axis of 1.2 cm. Scout images were obtained using a turbo fast low-angle
shot MRI sequence (7). The localized *H spectra were acquired using the point-resolved
spectroscopy approach (8) with pulse repetition time/echo time = 3000/13 ms and 128 averages.
An MRS voxel of 4 x 4x 4 mm3 mainly covering the cortical region and a portion of subcortical
region symmetrically along the brain central fissure line was selected and shimmed on using
FASTMAP algorithm (9). Outer volume suppression was performed using the amplitude of
radiofrequency field-insensitive selective train to obliterate signal method (10).

EEG Measurement

Two electrodes were utilized to record the EEG signals using a commercial machine (Grass,
Astro-Med Inc., West Warwick, RI). One was put on the rat nose to serve as a reference and
the other was inserted into the rat somatosensory cortex through a small hole in the skull (2-
mm depth from the surface of the skull, 3 mm posterior to bregma, and 3 mm from the brain
midline) (11). The filtered EEG signal (0.0-30 Hz) was sampled at a rate of 1000 Hz. Home-
written software based on the Shannon spectral entropy method was used to quantify EEG
activity via the calculation of Shannon spectral entropy index (SEI) (11,12). The recorded EEG
signal was divided into epochs of 10-sec duration, and then SEI was calculated for each epoch
in the 0.3-30 Hz frequency range. The EEG SEI values were obtained by averaging SEI data
points of 20 min for each physiologic condition. Three rats were used for EEG measurements.
The obtained EEG results were then pooled together with the EEG results of nine rats from
our previous publication (11), aiming to study the correlation between brain spontaneous EEG
activity level to the cerebral metabolic rate of adenosine triphosphate (ATP) under the same
physiologic conditions. In the present study, the averaged EEG results (n = 12) were applied
to correlate with the changes in brain metabolites, metabolic rate, and the PG concentration
under varied anesthesia depths.
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In Vivo Proton MRS Quantification

In vivo IH spectra of rat brain were analyzed by the LC-Model fitting method (Stephen
Provencher Inc., Toronto, Canada) in the frequency domain (4,13). The basis set for LCModel
was simulated using density matrix simulations (14) and chemical-shifts and J-couplings
reported in the literature (15). Two different basis sets were utilized for the LCModel fitting:
the first one containing the brain metabolites and macromolecules (MM); the second one
containing brain metabolites, MM and PG. The MM spectrum was measured experimentally
in vivo by using the same pulse sequence and parameters except by adding an inversion-
recovery preparation and adjusting the inversion recovery time to null signal from metabolites
(16,17). The detailed approach of using LCModel spectral fitting for metabolite quantification
in the presence of PG signal has been described previously (2). The reported concentrations of
cerebral metabolites and PG (mM) were relative to the total creatine/phosphocreatine (tCr)
signal at 3.01 ppm ([tCr] = 8 mM) under all the anesthesia conditions. The peak integral ratios
between the NMR resonances of PG at 1.13 ppm and creatine/phosphocreatine at 3.01 ppm
were manually measured using Varian software package.

Quantification of the Cerebral Metabolic Rate of Glucose

The cerebral metabolic rate of glucose (CMRgc) was calculated according to the standard
Michaelis-Menten Glc transport equation (18,19) as described by Eq. 1:

dlGi] _
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s Tmu,\[GO] P - Tmu,\[ci]
Tin=Go1ek,y 204 Tou=1G1K, 5 [1]

where, [Gj] is the brain Glc concentration which was measured by in vivo proton MRS and
quantified by the LCModel fitting; [G¢] is the blood plasma Glc concentration which was
measured using the blood sampling and quantified by Glc analyzer (Accu-Chek, Roche
Diagnostics, Madison, WI); Tmax is the maximal velocity of Glc transport; Kt is the half-
maximum transport constant for Glc transport. A wide range of Kt from 3.3 to 8.8 mM had
been reported in a number of publications (20-25), and it was assumed to be a constant of 6.1
mM (the median value calculated based on the literature values) in the present study. When
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Thereby, Eqg. 2 can be used to determine the ratio of CM-Rgc/Tmax, an index reflecting the
relative CMRg|c When Tpay is treated as a constant.

Data and results are reported as mean + standard deviation.

RESULTS

Figure 1 illustrates the time courses of EEG measurements from a representative rat under three
anesthesia states. The EEG firing pattern was characterized by intensive bursts under the light
isoflurane anesthesia condition (Fig. 1a; SEI = 0.70). The EEG bursts were substantially
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suppressed under the mild anesthesia condition of Low-PB (Fig. 1b; SEI = 0.66), and then EEG
activity became silent (Fig. 1c) under the deep anesthesia condition of High-PB leading to an
isoelectric state and a smallest SEI value (SEI = 0.39). With deepening anesthesia, the averaged
SEI of EEG gradually decreased from 0.72 = 0.06 (n = 12) under light isoflurane anesthesia to
0.64 £ 0.05 under Low-PB anesthesia and to 0.43 £ 0.09 under the isoelectric state (High-PB).
These results indicate a tight correlation between depth of anesthesia and spontaneous EEG
brain activity.

Figure 2 shows the in vivo 1H spectra obtained under the same anesthesia conditions from a
representative rat brain. Beyond the NMR resonance peak at 1.13 ppm, which was elevated
with the increased dose of sodium pentobarbital, the main spectral difference appeared in the
range of 3.1 to 4.0 ppm, as demonstrated in the difference spectrum (Fig. 2d) between the
spectra acquired under light isoflurane anesthesia (Fig. 2a) and deepest High-PB anesthesia
(Fig. 2c). To identify these resonances, the phantom solutions were studied using the same
proton MRS pulse sequence and parameters as that applied to the rat brain. Fig. 2e shows
the 1H spectrum acquired from 5 mM sodium pentobarbital phantom solution, in which the
detected resonance peaks are primarily attributed to the solvents of PG and Eth; and Fig. 2f
shows the TH spectrum acquired from 1 mM Glc phantom solution, showing intense resonance
peaks which are overlapped with the PG resonance peaks between 3.1 and 4.0 ppm.

Table 1 and Fig. 3 summarize the results of the concentrations of cerebral metabolites and PG
under various anesthesia conditions, as well as the corresponding LCModel fitting results and
fitting errors for the individual animals (n = 8).

Figure 4a displays the Glc concentrations measured in the blood and the brain tissue under the
three states of anesthesia. These data were used to calculate the relative CMRg change
according to Eq. 2 under two conditions, with and without PG resonance correction in the
LCModel fitting, and the results are shown in Fig. 4b.

The PG concentration measured under various anesthesia states was used to correlate to the
brain EEG activity quantified by SEI, as well as to the relative CMRgc, which was normalized
to the value measured under the light isoflurane anesthesia condition. These correlations as
shown in Fig. 5a suggest tight coupling relationships among brain PG concentration and EEG
activity level, as well as cerebral metabolic rate across a wide range of pentobarbital anesthesia
depth. Fig. 5b shows a tight correlation between the relative CMRgc and the basal EEG activity
level under a wide range of anesthesia depth. It also indicates that the CMRyc value was
reduced by 37% at the isoelectric state (High-PB) compared to the light isoflurane anesthesia
condition.

Figure 6 displays a linear relationship between the signal intensity ratio of PG at 1.13 ppm and
tCr at 3.01 ppm and the PG concentration quantified by LCModel fitting.

DISCUSSION

Quantification of Cerebral Glc Under Pentobarbital Anesthesia

Due to low pentobarbital concentration and rapid Eth consumption in the rat brain, these two
compounds are almost invisible in the in vivo IH spectra of brain acquired in the present study;
in contrast, the PG solvent provides intense proton signals across a wide range of chemical
shift (2,4,5). In the present study, we found that the presence of PG signal significantly
influences quantification of lactate (Lac), Glc and glutathione, which have low concentrations
(~1 mM) and which resonances partially overlap with the PG resonances in the rat brain under
deep pentobarbital anesthesia (High-PB). The concentrations of those metabolites were
overestimated by the LCModel fitting if the PG resonance peaks were not considered and
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corrected in LCModel fitting. One example of Glc quantification shown in Fig. 4a suggests a
very large error (> 2-fold) in quantifying [Glc] under the High-PB condition if the PG
contribution was not taken into consideration.

Another challenge faced by the quantification of absolute metabolite concentration is how to
choose an internal concentration reference using a physiologically stable metabolite. The
common practice is to use [tCr] as a standard reference, which was assumed as a constant of
8 mM under all the anesthesia conditions in this study. However, this quantification approach
can become problematic if [tCr] changes under various anesthesia conditions. We have tested
this question using the results from the present study and found no statistical differences
between the tCr peak (3.01 ppm) integral measured under the light isoflurane anesthesia and
that under Low-PB, as well as High-PB, condition (P > 0.05; n = 8, unpaired two-tail t test).
This is evident from the following quantification results:

S € ygiCr  —098 + 0.15

Isoflurane Low-PB

and S ‘¢ /giCr  —1,06+0.12

Isoflurane High—-PB

where, St" is the integral of tCr resonance peak quantified by the Varian software package.
The results indicate that [tCr] remains constant under a wide range of physiologic conditions
and, thus, the tCr resonance peak provides a reliable and stable internal reference for in vivo
proton MRS quantification of other brain metabolites.

Alterations in Cerebral Metabolites Under Deep Anesthesia

The cerebral metabolism is tightly correlated to brain function and neuronal activity (26).
Generally, increased brain activities require higher brain energy demands, resulting in a
decrease of Glc concentration and possibly an increase of Lac concentration in the brain (19,
27,28). Inaddition, an increase in brain activity also leads to increased neurotransmitter cycling
rates (24,29), which may ultimately change the concentrations of neurotransmitters such as
glutamate/glutamine and y-aminobutyric acid (28,30,31). For instance, the transient increases
in the concentrations of lactate and glutamate, accompanied with the tendency of concentration
decrease in Glc, have been observed in the human visual cortex during sustained visual
stimulation (19,27,28,32,33). It was also reported that there are significant changes in a number
of brain metabolites and neurotransmitters, including the ratio of PCr versus Cr, y-aminobutyric
acid, glutamine, and glutamate, as well as neurotransmission cycling rate at near-freezing body
temperature in hibernating mammals (31). In the present study, the results based on the
LCModel fitting of each animal proton MRS data (Table 1 and Fig. 3) reveal that besides a
significant increase of PG concentration when the pentobarbital dose was increased, three
compounds, y-aminobutyric acid, taurine, and Glc, were found to be significantly decreased
(P < 0.05, unpaired two-tail t test) at the isoelectric state as compared to other two anesthesia
states (isoflurane and Low-PB). The concentrations of y-aminobutyric acid and Glc are
relatively low in the brain, resulting in low signal-to-noise ratios and large LCModel fitting
errors, indicated by the high values of Cramer-Rao lower bounds, in particular, under the
isoelectric condition (Table 1). To reduce the uncertainty of spectral fitting results, the spectra
were summed from all rat measurements, respectively, for the three anesthesia conditions
(isoflurane, Low-PB, High-PB), and each summed spectrum from each of the three groups was
fitted with LCModel again. When doing so, only the Glc and PG changes were found to be
statistically significant and had the same trends as those found in individual-animal analysis,
as shown in Table 1 and Fig. 3.

Interestingly, there were no statistically significant changes in the concentrations of Lac and
neurotransmitters such as glutamate/glutamine while brain activity was significantly
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depressed, especially at the isoelectric state, in which the spontaneous EEG activity is
completely suppressed. Therefore, one should be cautious to interpret the concentration
changes associated with brain bioenergetic changes. On the other hand, the cerebral metabolic
rates (e.g., CMRgc) may provide a more informative measure to evaluate brain activity and
energy changes in the anesthetized rat model.

Alterations in CMRqc Under Various Anesthesia Conditions and Neurometabolic Coupling

The brain Glc concentration, [G;], gradually decreased from the isoflurane to High-PB
anesthesia state only if the PG resonance peaks between 3.1 and 4.0 ppm were accounted for
in the LCModel fitting (see Figs. 3 and 4). [G;] showed an increase under deep anesthesia
condition if the contaminations from the PG resonance peaks were not corrected in LCModel
fitting. This quantification error could result in an overestimated [G;] (Fig. 4a) and
consequently to an underestimated CMRyc value at the isoelectric condition leading to a large
decrease of 89% in the measured CMRg as compared to that measured under the isoflurane
anesthesia condition (Fig. 4b). In contrast, the percentage of CMRyc decrease became 37%
after the correction of PG contribution.

The observation of reduction in the brain Glc concentration when the brain EEG activity was
suppressed under the isoelectric condition in the present study seemingly contradicts with other
brain activation studies showing a decreased brain Glc concentration when the brain activity
level was increased by brain stimulation (19,27,28,34). However, this apparent discrepancy
can be explained by the blood plasma Glc concentration change, which was substantially
decreased under the isoelectric condition in the present study (Fig. 4a). Since the brain Glc
concentration is tightly coupled to the plasma Glc concentration and is regulated by the Glc
transportation across the blood-brain barrier according to Egs. 1 and 2, a significant reduction
in plasma Glc level could lead to a large decrease in brain Glc concentration, as observed in
the present study.

Several lines of evidence support our observation of brain Glc reduction under the isoelectric
condition. First, it has been shown that a concentration gradient between the plasma and brain
Glc concentrations was preserved under the deep pentobarbital anesthesia condition, showing
a much larger [Gg] than that of [Gj] with a [Gg]/[G;i] ratio about 3 to 4 (24). The measured
[Gol/[Gi] ratios under isoflurane (4.9 + 1.0), Low-PB (4.3 £ 1.0), and High-PB (4.3 + 1.6)
conditions in the present study are in line with this range. Second, we have applied the
quantitative relationship between steady-state [Gg] and [G;] as reported in the literature (24,
35) to estimate the values of [G;] based on the [Gg] values measured in the present study, and
the estimated [G;] values were 2.3 mM, 1.3 mM, and 0.7 mM under the isoflurane, Low-PB,
and High-PB anesthesia condition, respectively, which are in good agreement with our
LCModel fitting results with PG correction (Table 1 and Fig. 3). Third, the measured ratios of
CMRyc/Tmax Were from 0.3 to 0.4 for the isoflurane and Low-PB anesthesia conditions. They
are similar to the value of CMRg¢/Tmax = 0.38, measured under a-chloralose anesthesia
conditions (35).

One important finding from the present study is that the CMRg. value remained 63% under
the isoelectric condition compared to the isoflurane anesthesia condition (Fig. 5b). This result
suggests a significant amount of brain energy in the absence of brain spike activity; and this
“housekeeping” energy is essential for maintaining cellular integrity in the brain. Note that the
CMRgc measurement in the present study reflects the total metabolic rate, which includes
oxidative and nonoxidative Glc metabolism in both neuronal and glial cells. The reduction in
total (or oxidative) CMRyc in the rat brain by deep pentobarbital anesthesia was reported to
be 40 ~ 64% compared to nitrous oxide analgesia, light a-chloralose anesthesia, or the awake
conditions (24,36,37). This metabolic rate reduction is consistent with other measurements
showing a 61% reduction in the cerebral metabolic rate of oxygen (38) and a 48% reduction
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in the cerebral metabolic rate of ATP under the isoelectric condition compared to the light
isoflurane condition (11).

However, one should be cautious when quoting the “housekeeping” energy as the percentage
of the total brain energy budget since the value of total brain energy depends on the brain state
referred. In the present study, the reference brain state was based on the light isoflurane
anesthesia condition, in which the Glc metabolic rate has been significantly suppressed
compared to an awake condition. For instance, cerebral metabolic rate of oxygen was reduced
35% in the dog brain under anesthesia with 2% end-tidal isoflurane concentration compared
to an awake state (39). Similarly, CMRgc was found to reduce 41% in the rat cortical regions
covering the motor, visual, auditory, and somatosensory cortices under anesthesia with 1.5%
end-tidal isoflurane concentration (averaged CMRgc = 0.53 pmol/g/min) compared to an
awake state (averaged CMRgc = 0.90 umol/g/min) (40). To consider this reduction (assuming
approximately 41%) effect in the cerebral metabolic rates between the isoflurane and awake
conditions, the “housekeeping” brain energy left under the isoelectric state determined by
CMRyc measurement in our study became ~37% in comparison with that in the awake brain.
In the absolute quantification scale, the CMRg value in the rat under the isoelectric condition
was estimated to be 0.33 pmol/g/min, which was in an excellent agreement with the values of
oxidative CMRgc measured by in vivo 13C MRS under the isoelectric condition with High-
PB (24,37) and the autoradiographic result of total CMRgc from 0.26 to 0.33 pmol/g/min in
the sensory cortices (41). It has been suggested that a substantial portion of this Glc metabolic
activity under the isoelectric condition may be attributed from the glial cell (24,37). Moreover,
there is a decent agreement (in both absolute and relative scales) between the total (oxidative
plus nonoxidative) CMRc values estimated by this study and by autoradiographic
measurements under the isoelectric condition (40,41) and the oxidative CMRyc values
measured by in vivo 13C MRS (24,37) and other indirect measurements (11,38). This similarity
suggests that a significant amount of “housekeeping” brain energy is produced by oxidative
Glc metabolism.

The relatively small portion of “housekeeping” brain energy estimated in this study is
consistent with the notion that the majority of brain energy is used to support brain activity
and neuronal signaling in a resting and awake brain (11,26,42,43). Moreover, CMRg, is tightly
correlated to SEI under varied anesthesia conditions (Fig. 5b). This result indicates a tight
neurometabolic coupling across a wide range of brain physiologic conditions, although SEI
only provides a relative measure of spontaneous brain activity level.

This coupling relation can be quantified by a linear approximation as described by Eq. 3:

CMR (1 mol/g/min) ~ 0.05+0.65 x SEI [3]

In Eq. [3] and Fig. 5b, the CMRyc values were relative to the isoelectric CMRg¢ value (= 0.33
mol/g/min), which was estimated in the present study and reported in the literature (24).

It is interesting to note that if [G;] was quantified without using PG correction in the LCModel
fitting, it could lead to an overestimated [Gj], ultimately, an underestimated CMRg under the
isoelectric condition with a large reduction of 89% compared to the isoflurane anesthesia
condition (Fig. 4b). This could result in an unreasonably smaller “housekeeping” energy of
~6% compared to the awake condition. These comparisons indicate again the importance of
correcting PG contaminations for reliable quantification of the brain Glc concentration after
the application of pentobarbital injection solution.
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PG as a Biomarker Reflecting Anesthesia Depth, Brain Activity, and Bioenergetics

The PG concentration can approach up to 6 mM in the rat brain under the High-PB anesthesia
condition (Table 1 and Fig. 3). This unique solvent provides an intense, stable, well-resolved
resonance peak at 1.13 ppm, which can be robustly detected by in vivo proton MRS and readily
quantified by using LCModel fitting or manual integration (Fig. 6). Therefore, the brain PG
concentration can be conveniently measured and quantified in a clinic MRI/MRS scanner.

Our results clearly indicate that the brain PG concentration is tightly correlated to the
spontaneous EEG activity level quantified by SEI, as well as to the cerebral metabolic activity
level quantified by relative CMRy¢ (Fig. 5a). These findings lead to the conclusion that the
PG resonance peak at 1.13 ppm closely reflects the pentobarbital concentration in the brain,
and it provides a reliable and quantitative biomarker to link the levels of both EEG and brain
metabolic activities, as well as anesthesia depth with varied pentobarbital dosage.

CONCLUSIONS

We used in vivo proton MRS to measure the changes in the concentration of cerebral
metabolites and the rate of Glc utilization under various depths of pentobarbital anesthesia.
The results suggest that (1) there is a close relationship between brain PG solvent and
pentobarbital content; (2) the PG resonance peak at 1.13 ppm can serve a sensitive biomarker
for noninvasively monitoring varied pentobar-bital anesthetic depth and associated changes in
brain bioenergetics and EEG activity; (3) it is critical to correct the PG signal contributions in
spectral quantification, in particular, for those metabolites having resonance peaks between
3.1and 4.0 ppm; (4) the brain EEG and cerebral metabolic activities are tightly coupled to one
another, as well as to the anesthesia depth; and (5) there is a significant amount of
“housekeeping” brain energy under the isoelectric state for maintaining cellular integrity.
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FIG. 1.

EEG time courses with distinct spike patterns measured from a representative rat brain with
(a) dominant burst activity under isoflurane anesthesia, (b) suppressed burst activity under
low-dose pentobarbitol (Low-PB) anesthesia, and (c) isoelectric activity under high-dose
pentobarbitol (High-PB) anesthesia.
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FIG. 2.

Localized in vivo 1H spectra acquired from a rat brain under three anesthesia conditions: (a)
isoflurane, (b) Low-PB, and (c) High-PB. (d) Difference spectrum between (c) and (a). (e)
Phantom 1H spectrum from 5-mM sodium pentobarbital solution. (f) Phantom 1H spectrum
from 1-mM Glc solution. The spectra (a-d) were plotted with the same vertical scale. The
different vertical scales were used for spectra (e) and (f) compared to spectra (a-d). Ins, myo-
inositol; Cr, creatine; PCr, phosphocre-atine; Glc, glucose; Gln, glutamate; Tau, taurine; PCho,
phosphocholine; GPC, glycerophosphocholine; NAA, N-acetyl-aspartate; Lac, lactate; PG,
propylene glycol; MM, macromolecule; Eth, ethanol.
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FIG. 3.

Results of brain metabolites and PG concentrations analyzed by the LCModel fitting under
three anesthesia conditions (n=8). The asterisk (*) indicates a statistically significant difference
between two measurements (P < 0.05). The LCModel basis including metabolites and MM
was used to fit the 1H spectra acquired from the animals anesthetized with isoflurane. The
L.CModel basis including metabolites, MM, and PG was applied to fit the 1H spectra acquired
from the animals anesthetized with pentobarbital.
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(a) Brain and blood Glc concentrations and (b) relative CMRgc measured under three
anesthesia conditions (n = 8). Brain Glc concentrations and relative CMRgc were obtained by
the two different LCModel fitting basis sets with (open bars) and without (shaded bars)
correction of the PG signal contaminations, respectively. The asterisk (*) indicates a
statistically significant difference as compared to the isoflurane anesthesia condition.
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(a) Correlation of brain PG concentration to SEI of EEG activity (open circles) and normalized

CMRg¢ (full circles) under varied anesthesia conditions. (b) Correlation of SEI versus

normalized and absolute CMRyc.
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FIG. 6.
Correlation of peak integral ratios of PG at 1.13 ppm and tCr at 3.01 ppm versus the absolute
PG concentrations quantified by LCModel.
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