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Abstract

Inhaled general anesthetics are used commonly in adults and children, and a growing body of 

literature from animals and humans suggests that exposure to anesthesia at an early age can impact 

brain development. While the origin of these effects is not well understood, it is known that 

anesthesia can disrupt oxygen regulation in the brain, which is critically important for maintaining 

healthy brain function. Here we investigated how anesthesia affected brain tissue oxygen 

regulation in neonatal rabbits by comparing brain tissue oxygen and single unit activity in the 

awake and anesthetized states. We tested two common general anesthetics, isoflurane and 

sevoflurane, delivered in both air and 80% oxygen. Our findings show that general anesthetics can 

greatly increase brain tissue PO2 in neonates, especially when combined with supplemental 

oxygen. Although isoflurane and sevoflurane belong to the same class of anesthetics, notable 

differences were observed in their effects upon neuronal activity and spontaneous respiration. Our 

findings point to the need to consider the potential effects of hyperoxia when supplemental oxygen 

is utilized, particularly in children and neonates.
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1. Introduction

Inhaled general anesthetics are used commonly in the course of surgery, imaging and other 

medical procedures in adults and children, yet their impact upon brain function is not 

entirely understood. It is known that these drugs suppress neuronal activity by acting 

primarily upon GABA receptors (Jia et al., 2008) and cause decreased firing frequency in a 

majority of neurons. As they also produce depression of vascular and respiratory centers 

(Bosch et al., 2017), it is important to consider how these anesthetics may affect oxygen 

regulation within the brain.

Normal brain function depends upon maintaining the oxygen partial pressure (PO2) in brain 

tissue within a relatively narrow range that is sufficiently high to prevent hypoxia and low 

enough to minimize generation of toxic oxygen species. The brain achieves this balance by 

ensuring stable blood flow via cerebrovascular autoregulation (Dagal and Lam, 2009), which 

regulates the response of cerebral arteries to fluctuations in arterial pressure, ensuring 

sufficient oxygen for basal neuronal activity. In addition, brain PO2 is regulated indirectly by 

carotid bodies and the respiratory center, which adjust breathing rate in response to arterial 

PO2 (Prabhakar and Semenza, 2015). More focal changes in neuronal activity are supported 

by the hemodynamic response (Buxton et al., 2004), which dilates local blood vessels in 

order to increase blood flow to active brain regions.

This system potentially can be disrupted not only by pathologies such as cerebrovascular 

diseases (Goadsby, 2013), but also by drugs, including general anesthetics, which decrease 

neuronal firing and depress respiration, altering oxygen consumption and delivery in brain 

tissue. Moreover, it has been found that at higher concentrations general anesthetics can 

directly affect vessels, causing vasodilation (Matta et al., 1999) and thus the increased 

delivery of oxygen to brain tissue. These opposing effects create a complex picture of the 

influence of general anesthetics upon oxygen regulation in the brain. However, our previous 

findings (Aksenov et al., 2012; Aksenov et al., 2015) suggest that the decrease in neuronal 

activity during anesthesia is large enough to produce an overall increase in brain tissue 

oxygen.

Changes in tissue PO2 induced by anesthesia are of particular concern for the developing 

brain. A number of studies have linked anesthesia exposure in young children with the 

development of a variety of pathologies later in life (Flick et al., 2011; Lee et al., 2015). 

Both human and animal studies have indicated (Crosby and Davis, 2013; Lee et al., 2015; 

Olsen and Brambrink, 2013; Sun, 2010; Taylor, 2009) that exposure to anesthesia, especially 

at an early age, can affect a variety of aspects of neuronal development, leading to deficits in 

learning and memory. Although the origin of these complications is not yet known, changes 

in PO2 could play a role. General anesthesia often is delivered in hyperoxic mixtures 

(typically 60%, 80% or 100% O2) (Edmark et al., 2003) in order to avoid hypoxia, yet 
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hyperoxia resulting from brain tissue oxygen dysregulation can potentially lead to damage as 

well (Scheuer et al., 2017).

The goal of this work is to evaluate the effects of general anesthesia on the regulation of 

tissue PO2 in neonatal rabbits. Based on our previous findings regarding the effects of 

anesthesia on neuronal activity and tissue PO2 in adult rabbits, we hypothesized that brain 

tissue oxygen regulation would be significantly altered in neonates under general anesthesia 

during spontaneous respiration. In order to assess the impact of anesthesia on brain oxygen 

regulation, we used chronically implanted electrodes to measure PO2 and single unit activity 

in the somatosensory cortex in neonatal rabbits. By using the same electrodes to record PO2 

and single unit firing rate, we were able to examine these changes at precisely the same 

location. Two anesthetics were chosen: sevoflurane, which is the most commonly used 

general anesthetic in children and adults, and isoflurane, which is often used in the 

developing world, as well as for research studies in animal models. Anesthesia delivery was 

tested in air as well as in combination with 80% O2. Our results indicate that each drug 

affected to a different degree neuronal firing and intracortical tissue PO2, as well as 

respiration, and that the tissue PO2 changes during hyperoxia were significantly greater 

when anesthesia was delivered with a higher-than-air oxygen concentration.

2. Material and Methods

2.1. Animal preparation

Five Dutch-belted rabbits (9-12 days-old) were used in accordance with the National 

Institutes of Health guidelines and protocols approved by the NorthShore University 

HealthSystem Research Institute Institutional Animal Care and Use Committee. The rabbit 

kits were born in a nest box containing shredded aspen bedding which was prepared in 

advance. The newborn rabbit kits were housed and nursed with the dam and began to open 

their eyes at 9-11 days.

At the age of 6 days animals were implanted with electrodes. For this procedure, animals 

were anesthetized with a mixture of ketamine (60 mg/kg) and xylazine (10 mg/kg). The 

recording assembly consisted of a silica tube (Polymicro Technologies, Phoenix, AZ) 

containing a bundle of four 25μm diameter gold-silver alloy microwires with formvar 

insulation (California Fine Wire, Grover Beach, CA) that were gold-plated at the tip. These 

electrodes terminated at different levels within a distance of 100 μm. The microwires were 

connected to a small 6-pin connector that was embedded in dental acrylic. A 100 μm silver 

chloride wire was placed between the skull and dura mater to serve as the reference 

electrode. During implantation surgery, lambda was positioned at the level of bregma and 

the stereotaxic coordinates were as follows: anterior-posterior was 2 mm ventral to bregma, 

medial-lateral was 2.5 mm from midline, and dorsal-ventral was under visual control. After 

implantation, the electrode assembly was cemented to the skull using dental acrylic and 3 

nylon support screws. The average surgery duration was 1 hour. After completion of 

experiments, kits were euthanized on day 12th.
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2.2. Experimental design

All experiments were performed beginning 3 days after surgery. The kits were restrained by 

means of a cloth sleeve. A recirculating warm water heating pad (T-Pump, Gaymar 

Industries Inc, Orchard Park, NY, USA) was used to maintain temperature. Respiration was 

measured using a pressure pad/respiration transducer (TSD110) (Biopac Systems, Inc, 

Goleta, CA, USA). PO2 and single unit activity were recorded in separate experiments first 

in the awake state for 5-6 min. Kits then were anesthetized with either isoflurane (Piramal 

Enterprises Limited, Kohir Mandal, Andhra Pradesh, India) or sevoflurane (AbbVie Inc., 

North Chicago, IL, USA) at 1 MAC via a custom mask using calibrated vaporizers (Drager 

Vapor 19.1). The level of 1 MAC was determined by toe and tail pinch test and was on 

average 2% isoflurane and 4% sevoflurane for this group of animals. Anesthesia was 

delivered for 6 min in air, then for 6 min in 80% oxygen, and finally in air again for 6 min. 

Anesthesia was then stopped and recordings continued during the period of recovery for 8-9 

minutes, after which the signals typically were lost due to excessive movements of the kits. 

Each kit was exposed to isoflurane and sevoflurane on different days using this paradigm.

Additional experiments were performed in each kit to measure the PO2 response to 80% 

oxygen in the awake state. PO2 was recorded for 1 min during air breathing. Oxygen 

concentration was then increased to 80% and PO2 was recorded for 2 min. The inspired gas 

was then changed back to air, and PO2 was recorded for an additional 2 min.

After each session rabbits were returned to the dam. Best efforts were made to prevent 

rejection of the rabbits by the dam (e.g., kits were wrapped in the nesting materials to 

maintain normal smell). None of the kits were rejected by the dam.

2.3. PO2 and electrophysiological recording

The same electrodes were used in separate experiments for electrophysiology and PO2 

recording. The PO2 electrodes were polarized at −0.7 volts, and connected to an ammeter 

(Keithley 614) to record a current that was typically 3 to 10 nA during air breathing. The 

current was converted to voltage, notch and low-pass filtered (30 or 50 Hz), and amplified. 

As the electrodes were chronically implanted, PO2 was calculated from current based on the 

initial calibration. In addition to quantitative analysis the direct fast Fourier transform was 

used to analyze the power spectrum of PO2 data. After completion of experiments the same 

rabbits were used for single unit recording before and during isoflurane or sevoflurane 

delivery on different days. The multiple signals from the microwires were fed through a 

miniature preamplifier to a multichannel differential amplifier system (Neuralynx Inc, 

Bozeman, Montana, USA). The signals were amplified, band-pass–filtered (300Hz to 3 

kHz), and digitized (32 kHz/channel) using a Neuralynx data acquisition system. Unit 

discrimination was performed offline using threshold detection followed by a cluster 

analysis of individual action potential wave shapes using Neuralynx analysis software. For 

each phase of exposure, the data were analyzed using the last minute of recording prior to 

the change in anesthesia or inspired oxygen concentration.

Electrode locations were confirmed by MRI using a 9.4T imaging spectrometer (BioSpec 

94/30USR, Bruker Biospin MRI GmbH) operating at 1H frequency of 400MHz. The 
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spectrometer was equipped with an actively-shielded gradient coil (BFG-240-150-S-7, 

Research Resonance, Inc., Billerica, MA, USA). A single-turn, 40mm-diameter circular RF 

surface coil was used for both transmission and reception. Anatomical images were acquired 

from subjects following euthanasia using a multi-slice gradient echo pulse sequence with a 

TR of 1.5 s, a TE of 11 ms, a 21.7mm×21.7mm FOV, and a matrix size of 128×128, 

corresponding to an in-plane resolution of 170 μm × 170 μm.

2.4. Statistical analysis

Paired t-test was used to determine the significance of the difference between the changes in 

PO2, SU and respiration signals before, during and after anesthesia. One-way ANOVA 

(Statistica, StatSoft, Tulsa, OK) was used to compare differences in PO2, single unit, and 

respiration signals between isoflurane and sevoflurane. Power analysis using Statistica 

software (Root Mean Square Standardized Effect (RMSSE)) confirmed that N=5 was 

sufficient to reach power >0.85 using two-side F test at alpha level of .05 to evaluate 

differences in PO2, single units and respiration. Pearson correlation analysis was used to 

calculate the strength and direction of a linear relationship between the changes in single 

unit activity before and during anesthesia. Fisher z-transformation was used to establish the 

significance of the correlation coefficients. The data are presented as mean +/− SEM unless 

otherwise specified.

3. Results

3.1. Effect of anesthetics on brain tissue PO2

Each anesthetic produced changes in tissue PO2, which were exacerbated when delivered 

with 80% oxygen (Figure 1). When delivered in air, isoflurane (Fig. 1a) increased brain 

tissue PO2 (p<0.018), whereas sevoflurane did not (Fig. 1b). This increase in PO2 occurred 

in all five isoflurane-anesthetized subjects. In contrast, only 1 out of 5 sevoflurane-

anesthetized subjects showed an increase in tissue PO2 during air-breathing.

Brain tissue PO2 increased significantly for both isoflurane (p<0.04) and sevoflurane 

(p<0.009) when delivered in 80% O2, compared to anesthesia in air. For isoflurane the mean 

PO2 during anesthesia in 80% O2 was 45.4±13.2 mmHg, and for sevoflurane it was 34±8.5 

mmHg. All subjects in both anesthetic groups exhibited an increase in tissue PO2 when 

breathing 80% O2

For both isoflurane (p<0.04) and sevoflurane (p<0.006), tissue PO2 decreased after reducing 

the inspired oxygen level from 80% to air, and then returned nearly to the awake level 

following the end of anesthesia.

For comparison we also tested the effect of inspired 80% O2 on tissue PO2 in fully awake 

neonates (Fig. 1c). Exposure to 80% O2 increased the tissue PO2 to 23±5.1 mmHg, from t 

17.6 +/−4.8 mmHg under air (p< 0.014). This increase varied considerably across subjects, 

ranging from 2% to 60%, but was smaller in each animal than the change during anesthesia. 

Examples of the PO2 response to 80% oxygen are shown during anesthesia (isoflurane, Fig. 

1d) and the awake state (Fig. 1e). The percentage change in mean PO2 during 80% oxygen 

respiration was dramatically larger during anesthesia than in the awake state (Fig. 1f).
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Brain PO2 exhibits spontaneous fluctuations (Aalkjaer et al., 2011; Hudetz et al., 1998) 

whose origin is not clear. This effect is seen clearly in the trace of Fig. 1e, The fluctuations 

were evaluated using power spectrum analysis. The power spectrum (Fig. 1g,h,k) of PO2 in 

the awake state was dominated by low frequencies of 0-7 cycles per minute (cpm). For both 

isoflurane and sevoflurane a larger fraction of the power occurred at higher frequencies 

during anesthesia in air (30-41 cpm for isoflurane and 26-37 cpm for sevoflurane). These 

higher frequencies corresponded to respiratory frequency, and thus more of the fluctuations 

were the result of respiration as opposed to other spontaneous processes. This frequency 

distribution did not occur with anesthesia during 80% O2.

3.2. Effect of anesthetics on respiration

Isoflurane in air (Fig. 2a) slightly decreased the respiratory rate to 88% of the awake level 

(p< 0.028). Delivery of isoflurane in 80% O2 further decreased the respiratory rate to 83% of 

the initial level (p< 0.004). The depression of respiration under sevoflurane (Fig. 2b) was 

more severe. Sevoflurane in air decreased the respiratory rate to 80% of the awake level (p< 

0.0003). When delivered in 80% O2 the respiratory rate under sevoflurane decreased further 

to 70% of the initial level (p< 0.015). Compared to isoflurane, the effect of sevoflurane on 

respiratory rate was significantly greater for both air (p< 0.019, F=8.7) and 80% O2 (p< 

0.0003, F=37.03). For both anesthetics respiration fully returned to normal 10 min after the 

end of anesthesia.

We also examined the effect of 80% O2 on respiratory rate in fully awake neonates (Fig. 2c). 

During 80% O2 the respiratory rate decreased to 71.4±7.1% of the initial level (p< 0.024). 

The decrease of respiration in awake subjects with 80% O2 was significantly greater than the 

decrease under isoflurane in 80% O2 (p<0.0098, F=11.32). There was no significant 

difference between the respiratory rates in awake vs. sevoflurane-anesthetized neonates 

under 80% O2.

3.3. Effect of anesthetics on single unit responses

Each anesthetic decreased single unit activity to a different degree. Figure 3 shows the 

temporal behavior of a selected subset of recorded cells, which illustrates the range of 

recovery rates and suppression of activity that was observed for both anesthetics. The mean 

values (Figure 4) were calculated at the plateau level using the last minute of recording prior 

to the change in anesthesia or inspired oxygen concentration. As shown in Fig. 4a, isoflurane 

in air greatly decreased mean single unit activity (N=14) to 15% of the awake level 

(p<0.00009). Increasing the oxygen concentration to 80% did not produce any further 

change in single unit activity, relative to delivery in air. Single unit activity recovered to 41% 

of the awake level 9 minutes after the end of anesthetic delivery, which represented a 

significant change (p<0.001).

Sevoflurane in air (Fig. 4b) had an even greater effect on single unit activity than isoflurane. 

During sevoflurane, mean single unit activity decreased to 5.7% of the awake level 

(p<0.00013). As was the case for isoflurane, increasing the inspired oxygen concentration to 

80% resulted in no further change in single unit activity. Overall, during sevoflurane 

anesthesia three out of 17 recorded single units showed no firing for 4 or more minutes. Nine 
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minutes after the end of anesthesia single unit activity recovered to 63% of the awake level, 

which is indicative of a quicker rate of recovery for sevoflurane as compared to isoflurane 

(p<0.0009, F=16.4), (figure 4c,d).

Additional differences in the effects of isoflurane vs. sevoflurane could be observed in the 

pattern of firing of the individual single units (Figs. 4c,d). Whereas virtually all single units 

were suppressed under sevoflurane, the effect of isoflurane was more variable and only a 

subset of the single units were fully suppressed, and none of the single units ceased firing for 

1 min or more as was the case during sevoflurane. Overall, sevoflurane was characterized by 

a greater and more uniform recovery than isoflurane. There was no significant correlation 

between the firing rate of cells in the awake state and the amount of depression induced by 

isoflurane or sevoflurane anesthesia.

4. Discussion

The primary effect of general anesthesia is to induce in the brain a widespread decrease of 

neuronal activity. In this state neurons require less oxygen, and thus it might be expected that 

the level of oxygen in brain tissue either would be down-regulated to match this lower 

neuronal demand or would remain at a constant level if brain tissue oxygen is regulated by a 

more active mechanism. However, our results show that the opposite occurs.

Even when delivered in air, isoflurane increased brain tissue PO2. This effect is likely the 

result not only of decreased neuronal firing and correspondingly lower oxygen consumption, 

but also anesthesia-induced vasodilation which occurs in both adults and children (Brenet et 

al., 1998; Luginbuehl et al., 2003; Lyons et al., 2016) and would increase the delivery of 

oxygen to brain tissue. Vasodilatation can occur during anesthesia due to direct agonistic 

action upon the GABA receptors present on vessels (Matta et al., 1999). Moreover, 

hypercapnia (Eastwood et al., 2016; Kaiser et al., 2005) resulting from decreased respiration 

potentially could contribute to vasodilation as well. Sevoflurane delivered in air did not 

produce a significant increase in tissue PO2, but sevoflurane anesthesia also suppressed 

respiration to a much greater extent than isoflurane, which would result in lower delivery of 

oxygen to the brain and thus a smaller change in tissue PO2 despite potential contributions 

from direct GABA-ergic vasodilatory effects and hypercapnia.

The most compelling evidence of an anesthetic-induced disturbance in matching flow to 

demand comes from the results obtained during 80% inspired oxygen. Both isoflurane and 

sevoflurane greatly increased brain tissue PO2 relative to the awake state, where PO2 still 

can be regulated in hyperoxia. In some subjects tissue PO2 was up to 5 times greater than in 

the awake state. In general cerebral oxygenation is an important consideration in neonatal 

medicine. A number of clinical reports indicate that a fraction of inspired oxygen (FiO2) 

ranging from 0.3 to 1.0 may be used in pediatric practice (for example, (Ahiskalioglu et al., 

2017; Mohamed, 2015; Sun et al., 2017; von Bormann et al., 2014; William et al., 2001)) 

depending upon the circumstances. However, in neonatal and pediatric anesthesia, the use of 

supplemental oxygen is common in order to avoid hypoxia, as has been described in a 

number of reviews (Bang, 2015; Dikmen and Onur, 2017; Sola, 2008). Our results indicate 
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that in such cases anesthesia may lead to vastly greater increase in cerebral oxygenation than 

would be expected from the inspired concentration of oxygen alone.

The pathogenic potential of hyperoxia is well-known (Basaga, 1990; Beal, 1995; LeBel and 

Bondy, 1991; Ratan et al., 1994). Damage to the brain is believed to be due to oxidative 

stress (Felderhoff-Mueser et al., 2004) when increased levels of reactive oxygen species 

(ROS) overwhelm the brain’s antioxidant capacity (Macri et al., 2010). Furthermore, it has 

been found that antioxidant defense in children is weaker than in adults (Friel et al., 2004; 

Gitto et al., 2009), which would increase their vulnerability to ROS for equivalent oxygen 

concentrations. The link between anesthesia and brain oxygen level has not been extensively 

studied, especially in neonates. Boscolo et al. (Boscolo et al., 2013) showed that isoflurane 

and 24% oxygen produced a 30% increase in ROS in 7-day-old rats. Yonamine et al 

(Yonamine et al., 2013) showed that sevoflurane and 30% oxygen induced oxidative stress in 

6-day-old mice. However, without performing direct measurement of brain tissue oxygen it 

is difficult to rule out the possibility that the elevated ROS level could be related to hypoxia, 

another potential source of oxidative stress (Lu et al., 2015). Using retrospective data from 

cerebral/somatic oximeter measurements, Gupta et al. (Gupta et al., 2014) showed that 

sevoflurane anesthesia in children up to 4 years of age caused greater cerebral 

“hyperoxygenation” than fentanyl, which echoes a previous comparison between 

sevoflurane and propofol (Gupta et al., 2012). Hoffman at al. (Hoffman et al., 1997) also 

showed that PO2 in brain tissue increased in proportion to desflurane concentration in 

patients during vascular surgery. We note that oxygen regulation in the brain has been shown 

to be consistent among human and laboratory mammals (Dagal and Lam, 2009; Masamoto 

and Tanishita, 2009; Ndubuizu and LaManna, 2007). Thus, our results point to a need to 

examine more thoroughly the relationship between anesthesia exposure during infancy, 

hyperoxia, and the development of pathologies that may be connected to oxidative stress.

The high degree of individual variability indicated by standard error of the mean that was 

observed during 80% inspired oxygen, both in brain tissue PO2 and respiratory rate, 

underscores the potential risk for hyperoxia during anesthesia. The respiration in the awake 

state under 80% O2 also varied considerably, from a 46% to a 7% decrease, which indicates 

that some of the rabbits controlled oxygen intake better than others. Together, these changes 

indicate that anesthesia disrupts the mechanisms—both local mechanisms and possibly 

autoregulation as well—which normally work to maintain the oxygen level in the brain. 

These results also suggest that when intubation and mechanical ventilation are used, as is 

commonly the case during surgeries, the brain PO2 increase could be even greater, as the 

suppression of respiration that we observed in our experiments would not occur. Indeed, 

clinical reports suggest that in many cases blood PO2 can reach 120 mmHg or more without 

adjustment of ventilation rate (de Graaff et al., 2011). Even in the awake state, without 

modulation from anesthesia, the magnitude of the PO2 increase during 80% inspired oxygen 

indicates that brain oxygen regulation was not sufficient to maintain brain tissue oxygen in 

spite of decreased respiration.

The PO2 fluctuations measured by the power spectrum in the awake neonate brain were 

characterized by a dominance of very low frequencies (0-7 cpm), in sharp contrast to the 

adult brain (Linsenmeier et al., 2016) in which higher frequencies (0-20 cpm with a peak 
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frequently near 10 cpm) appear more prevalent. Such fluctuations in brain tissue PO2 are 

generally attributed to spontaneous changes of vascular tone (i.e., vasomotion) (Aalkjaer et 

al., 2011; Hudetz et al., 1998). The most notable change occurred during anesthesia in air, 

when higher frequencies (25-40 cpm) appeared, which were not present during 80% inspired 

oxygen. Based on their frequencies, these new peaks most likely are related to respiratory-

dependent changes in PO2. Surprisingly, these peaks were not especially visible in awake 

state, probably because they were mitigated by cerebrovascular autoregulation in response to 

respiration-related hemodynamic changes (Michard, 2005). Anesthesia delivery in 80% O2 

mitigated these changes because of increased oxygen concentration in the brain or depressed 

respiration. These findings demonstrate that the PO2 power spectrum can potentially reflect 

underlying developmental differences in the cerebrovascular system between neonates and 

adults, and changes in spontaneous fluctuation provide an indicator of the functioning of 

oxygen autoregulation in the brain.

Neuronal activity as measured by single unit firing decreased during both sevoflurane and 

isoflurane, with a larger decrease during sevoflurane, as expected from the GABA-agonistic 

properties of isoflurane and sevoflurane (Nishikawa and Harrison, 2003). However, there are 

also key differences between these drugs which may explain the changes that we observed. 

For example, sevoflurane has lower solubility than isoflurane, and consequently a faster 

uptake and elimination (Stachnik, 2006). It is likely for this reason that sevoflurane produces 

faster recovery of neuronal activity compared to isoflurane. The deeper suppression of 

neuronal activity by sevoflurane, compared to isoflurane, may reflect the differences in the 

effects of these drugs on glutamate receptors (Vinje et al., 2002). The full spectrum of 

neuronal changes induced by these drugs is not entirely understood, but differential effects 

also have been reported in an EEG study in children (Lo et al., 2009). Overall, our data 

indicate that full neuronal recovery begins no earlier than 10 min after the end of anesthetic 

delivery for the majority of single units. Interestingly, extensive subject movements began 

after approximately 8-9 min and do not appear to require full neuronal recovery of all single 

units in this brain region. Neuronal activity across a variety of recorded cells typically 

decreased gradually (fig. 3), starting almost immediately after the onset of anesthesia, until 

reaching a steady-state plateau after approximately 4 min. Supplemental oxygen did not 

produce any further change in this steady state, which demonstrates that, as would be 

expected, single unit activity does not depend on the brain tissue PO2 as long as the brain is 

not in a hypoxic state.

While anesthesia depressed neuronal activity under all conditions, the extent of depression 

did not depend on the baseline activity in the awake state. This behavior indicates that 

neurons do not necessarily exhibit the same sensitivity to anesthesia. Different cells, as 

indicated by their different firing rates, do not experience an equivalent decrease in spiking 

frequency. As sevoflurane and isoflurane are both primarily GABA-agonists (Nishikawa and 

Harrison, 2003), this variation among cells may reflect differences in the functional diversity 

of GABA-receptors on neurons (Xiang et al., 1998). Furthermore, it has been found that 

GABA can produce mixed hyperpolarizing/depolarizing effects in the developing cortex, 

and anesthesia could result in a more complex pattern of neuronal changes in the brains of 

neonates (Kirmse et al., 2015). It is notable that whereas the mean increase in PO2 was 

observed under isoflurane in air but not under sevoflurane in air, sevoflurane produced a 
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greater decrease in neuronal activity, which suggests that consumption of oxygen is smaller 

during sevoflurane. This difference between PO2 increase and depression of single unit 

activity is probably due to greater respiratory depression under sevoflurane.

Conclusion

In conclusion, our findings show that general anesthetics can increase brain tissue PO2 

significantly in neonates, especially when combined with supplemental oxygen. Indeed, the 

PO2 increase under anesthesia delivered with 80% oxygen was vastly greater than during 

respiration of 80% oxygen alone. Although isoflurane and sevoflurane belong to the same 

class of anesthetics, notable differences were observed in their effects on neuronal activity as 

well as spontaneous respiration. Together these changes demonstrate the complex array of 

effects that anesthetics can produce upon neurons as well as on the mechanisms of oxygen 

regulation. While in practice clinical anesthesia typically focuses on the avoidance of 

hypoxia, our findings point to the need to consider the potential effects of hyperoxia as well 

when supplemental oxygen is utilized, particularly in children and neonates. One approach 

that has seen increasing adoption in clinical practice is the use of near-infrared spectroscopy 

(NIRS)-based cerebral oximetry (Denault et al., 2007; Murkin and Arango, 2009) to monitor 

non-invasively cerebral oxygenation so that FiO2 can be adjusted accordingly. Although 

NIRS has some limitations (for review see (Murkin and Arango, 2009), it could serve as an 

effective safeguard for cerebral function, especially in neonates (Martini and Corvaglia, 

2018), by helping to maintain brain tissue oxygen within a safe range.
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1. Examines how anesthesia affects brain tissue oxygen regulation in neonate 

rabbits.

2. Tissue oxygen and single units are recorded in awake and anesthetized states.

3. Isoflurane and Sevoflurane are tested when delivered in air vs. 80% oxygen.

4. Anesthesia increased brain tissue oxygen, especially with 80% inspired O2.

5. Each drug produced different profiles of suppression and recovery in single 

units.
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Figure 1. 
Effect of anesthesia on brain tissue PO2 in neonatal rabbits Isoflurane (a) produced a 

significant change in tissue PO2 during delivery in both air and 80% oxygen in neonates. 

The second ISF (air) bar represents the time period after 80% O2, and the recovery bar 

represents the time after anesthesia ended. Asterisks indicate a significant change (p<0.05) 

relative to the previous stage of exposure. Sevoflurane in air (b) did not produce a significant 

PO2 change relative to the awake state, but a large increase occurred with 80% oxygen. For 

both anesthetics PO2 recovered after the end of anesthesia. Respiration of 80% oxygen in the 

awake state (c) produced a significant increase in PO2 that was much smaller than during 

anesthesia and returned to the original level after air breathing resumed. Examples are 

shown of the PO2 response to 80% oxygen (shaded area) during isoflurane anesthesia (d) 

and in the awake state (e). A large increase occurred during 80% oxygen with sevoflurane, 

and the signal returned to baseline within several minutes when air was restored as the 

inspired gas. The PO2 response during the awake state, in comparison, was considerably 

smaller. (f) The mean percentage change in PO2 during 80% oxygen inspiration relative to 

air is shown for subjects during the awake state as well as anesthesia with each drug. The 

power spectra, averaged across animals, of tissue PO2 signals is shown for isoflurane (g) and 

sevoflurane (h) anesthesia, as well as for air and 80% oxygen in the awake state (i). Higher 

frequency peaks, likely corresponding to respiration, appeared in the spectra during 

anesthesia with air.
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Figure 2. 
Effect of anesthesia on respiratory rate in neonatal rabbits during anesthesia in air and 80% 

oxygen, as well as during recovery for isoflurane (a) and sevoflurane (b). Respiratory rate 

also is shown before, during and after respiration of 80% oxygen without anesthesia (c). 

Asterisks indicate a significant change (p<0.05) relative to the previous stage. For both drugs 

respiration decreases significantly during anesthesia in air and 80% oxygen. Following the 

termination of anesthesia, respiration returns to the original rate.
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Figure 3. 
Temporal behavior of selected single units. Examples are shown of individual single units at 

each stage of exposure for isoflurane (a-c) and sevoflurane (d-f) anesthesia. In all cases 

neuronal activity decreased to a plateau level during anesthesia in air (yellow shading) 

within approximately 5 min of the onset of delivery, and no further change was observed 

during anesthesia in 80% oxygen (red shading). For both anesthetics a considerable variation 

was seen in the recovery time. For isoflurane some cells were greatly suppressed, whereas 

others showed much less change in firing rate. The decrease in neuronal activity was deeper 

and more consistent for sevoflurane, with periods of complete suppression which last 1 

minute or longer.
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Figure 4. 
Effect of anesthesia on single unit responses in somatosensory cortex of neonatal rabbits. 

Both isoflurane (a) and sevoflurane (b) anesthesia in air greatly decreased mean single unit 

firing from the awake state. No further change occurred with 80% oxygen. Asterisks indicate 

a significant change (p<0.05) relative to the previous stage. Following anesthesia, single unit 

activity recovered, though not to the initial level within the time recorded. The decrease in 

neuronal activity was greater under sevoflurane than isoflurane. Individual single units, 

sorted by increasing initial firing frequency, are also shown for isoflurane (c) and 

sevoflurane (d) at each stage of anesthesia exposure. A more consistent decrease was 

recorded across all single units under sevoflurane as compared to isoflurane.
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