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Abstract

Background—Commonly used anesthetics have been shown to disrupt neurodevelopment in 

preclinical models. It has been proposed that such anesthesia-induced neurotoxicity is mediated by 

apoptotic neurodegeneration in the immature brain. Low dose carbon monoxide (CO) exerts 

cytoprotective properties and we have previously demonstrated that CO inhibits isoflurane-

induced apoptosis in the developing murine brain. Here we utilized anti-apoptotic concentrations 

of CO to delineate the role of apoptotic neurodegeneration in anesthesia-induced neurotoxicity by 

assessing the effect of CO on isoflurane-induced defects in neurodevelopment.

Methods—C57Bl/6 mouse pups underwent 1-hour exposure to 0 ppm (air), 5 ppm, or 100 ppm 

CO in air with or without isoflurane on postnatal day 7. Cohorts were evaluated 5–7 weeks post 

exposure with T-maze cognitive testing followed by social behavior assessment. Brain size, whole 

brain cellular content, and neuronal density in primary somatosensory cortex and hippocampal 

CA3 region were measured as secondary outcomes 1-week or 5–7 weeks post exposure along with 

7-day old, unexposed controls.

Results—Isoflurane impaired memory acquisition and resulted in abnormal social behavior. Low 

concentration CO abrogated anesthetic-induced defects in memory acquisition, however, also 

resulted in impaired spatial reference memory and social behavior abnormalities. Changes in brain 

size, cellular content, and neuronal density over time related to the age of the animal and were 

unaffected by either isoflurane or CO.
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Conclusions—Anti-apoptotic concentrations of CO incompletely prevented isoflurane-induced 

defects in neurodevelopment, lacked concentration-dependent effects, and only provided 

protection in certain domains suggesting that anesthesia-related neurotoxicity is not solely 

mediated by activation of the mitochondrial apoptosis pathway.
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Introduction

Postnatal exposure to the most commonly used anesthetic agents has been shown to disrupt 

neurodevelopment in preclinical models, resulting in cognitive impairments and behavioral 

abnormalities later in life.1–6 Such toxicity has been demonstrated in many different animal 

species, including nonhuman primates, using a variety of exposure paradigms.1–9 Although 

a causal relationship has yet to be established in children, several retrospective studies have 

suggested that anesthesia exposure at a young age is associated with subsequent defects in 

learning and scholastic performance.10–13 Despite over a decade of rigorous 

experimentation, however, the exact mechanisms of anesthesia-induced neurotoxicity remain 

undefined.

Seminal work demonstrated widespread apoptotic neurodegeneration in the immature rodent 

brain following exposure to MK801 and ethanol, raising concern for the neurodevelopmental 

consequences of perinatal drug abuse and providing a potential explanation for the reduction 

in brain mass and behavioral abnormalities seen with fetal alcohol syndrome.14,15 As an 

extension of these findings, it was found that exposure to anesthetics also triggered 

widespread apoptotic neuronal cell death at a critical period during neurodevelopment.1 

Although the upstream mechanisms are unknown, it has been proposed that such anesthesia-

induced neurotoxicity may be mediated by the oxidative stress-associated mitochondrial 

apoptosis pathway.16–20

Programmed neuronal cell death is a natural developmental process, necessary for selective 

elimination of excess neurons and aberrant connections.21–23 During development, 

inhibition of the mitochondrial pathway of apoptosis or innate defects in physiologic 

programmed neuronal cell death result in excess number of neurons and megalencephaly 

while pathologic apoptotic neurodegeneration can decrease the pool of neurons and diminish 

the size of the forebrain. 21,24,25 As an example of the latter, ethanol exposure on postnatal 

day 7 (P7) has been shown to reduce total murine brain volume by 10–13%, reduces 

neocortical volume and surface area, and leads to a significant loss of GABAergic 

neurons.26 Although early work suggested anesthesia-induced neuronal deletion in the 

developing rat brain, more recent studies indicate that postnatal anesthetic exposure does not 

result in a decrease in neuron numbers or neuron density despite widespread induction of 

apoptosis.27–29 Unlike ethanol toxicity, lack of a measureable effect of anesthetics on the net 

number of neurons and brain morphology raises questions about the mechanistic role of 

apoptotic neurodegeneration in anesthesia-induced neurotoxicity.
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Low concentrations of carbon monoxide (CO) have been shown to exert cytoprotective and 

anti-apoptotic properties in a variety of tissues including the brain.30–37 We have previously 

demonstrated that 3-hour exposure to low concentration CO inhibits natural apoptosis in the 

developing murine brain on P10, leading to measurable increases in neuronal content and 

neuron numbers, detectable increases in relative brain size, and quantifiable defects in 

memory, learning, and social behavior.24 One-hour exposure to the same CO concentrations 

on P7 had variable effects on programmed cell death, however, modulated oxidative stress in 

the developing murine brain during isoflurane exposure and inhibited isoflurane-induced 

apoptosis in a dose-dependent manner.38,39 Based on these findings, we aimed to test the 

hypothesis that apoptotic neurodegeneration is causally linked to anesthesia-induced 

impairments in neurodevelopment. We hypothesized that low concentration CO would 

prevent isoflurane-induced defects in memory, learning, and social behavior following 

postnatal exposure. As secondary outcome measures, we assessed brain size, relative cellular 

content, and estimated neuronal density following neonatal isoflurane exposure. Postnatal 

isoflurane exposure induced subtle, but detectable impairments in neurocognition and 

socialization, but had no effect on murine brain weight or volume, cellular content, or 

neuron density. Low concentration CO abrogated anesthetic-induced defects in memory 

acquisition, however, resulted in impaired spatial reference memory and social behavior 

abnormalities following postnatal exposure with or without isoflurane. The data suggest 

anesthesia-mediated defects in neurodevelopment are not completely prevented by 

cytoprotective doses of CO despite prevention of isoflurane-induced apoptosis. Therefore, 

anesthesia-induced neurotoxicity may not be mediated solely by activation of the 

mitochondrial apoptosis pathway.

Methods

Animal exposures

The care of the animals in this study was in accordance with NIH and Institutional Animal 

Care and Use Committee guidelines. Study approval was granted by the Children’s National 

Medical Center and Columbia University Medical Center. Six to eight week old breeding 

pairs of C57Bl/6 mice (20–30 grams) were acquired (Charles River, Wilmington MA) to 

yield newborn pups. A total of 24 dams were used to complete the study. On P7, we exposed 

male and female C57Bl/6 mouse pups to air (0 ppm CO), 5 ppm CO in air, or 100 ppm CO 

in air with and without isoflurane (2 vol%) for 1 hour in a 7-liter Plexiglas chamber (25 cm 

× 20 cm × 14 cm). The chamber had a port for fresh gas inlet and a port for gas outlet which 

was directed to a fume hood exhaust using standard suction tubing. Specific concentrations 

of CO in air (premixed gas H-cylinders, Air Products, Camden, NJ) were verified using an 

electrochemical sensing CO detector (Monoxor III, Bacharach, Anderson, CA). Designated 

CO mixtures were delivered through a variable bypass isoflurane vaporizer and exposure 

chamber at a flow rate of 4 liters per minute. Inhaled concentration of anesthetic was 

determined within the chamber (RGM 5250; Datex-Ohmeda Inc., Louisville, CO) and was 

maintained at 2% isoflurane for the duration of exposure. Mouse body temperature was 

maintained between 36 – 37 °C with an infrared heating lamp (Cole-Parmer, Court Vernon 

Hills, IL). An equal number of male and female mice were evaluated and were randomly 

exposed to a designated CO concentration with or without isoflurane. Littermates were 
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assigned to different treatment groups. Following exposure, pups were returned to their 

respective dams. P7 was chosen because synaptogenesis peaks at day 7 in rodents and is 

completed by the second or third week of life.22,40 One-hour exposure to 2% isoflurane has 

previously been shown to induce neuronal degeneration in 7 day old mice and represents a 

brief anesthetic exposure.38,41 Furthermore, 1-hour exposure to such concentrations of CO 

inhibited isoflurane-induced apoptosis in various regions of mouse forebrain in a dose-

dependent manner.38

Brain weight and volume

Separate cohorts of mice were evaluated 1-week post exposure or 5–7 weeks post exposure. 

An unexposed, naïve cohort was also evaluated on P7. Following euthanasia with 

pentobarbital (150 mg/kg, ip), body weight was measured with a calibrated electronic scale. 

Fresh whole brain was dissected, dura removed, and medulla severed just distal to the 

cerebellum. Brain weight was measured with an analytical balance. Brain volume was 

determined from the amount of saline displaced by fresh whole brain based on Archimede’s 

principle.42 Brain weight-to-body weight ratios and brain volume-to-body weight ratios 

were calculated.

Immunoblot analysis

10µg samples of homogenized whole brain protein were subjected to SDS-acrylamide gel 

electrophoresis and immunoblotting. Blots were labeled with a primary polyclonal antibody 

to bovine NeuN (Molecular Probes, Eugene, Oregon, USA), a primary monoclonal antibody 

to rabbit S100β (Cell Signaling, Danvers, MA, USA), a primary polyclonal antibody to 

rabbit adenomatous polyposis coli (APC) (Abcam, Cambridge, MA, USA), a primary 

monoclonal antibody to rabbit ionized calcium binding adapter molecule 1 (Iba1) (Abcam, 

Cambridge, MA, USA), and a primary monoclonal antibody to mouse β-Actin (Thermo 

Fisher Scientific, Waltham, MA, USA) and secondarily exposed to goat anti-bovine IgG or 

donkey anti-rabbit IgG (Santa Cruz Biotechnology Inc., Santa Cruz, California) or horse 

anti-mouse IgG (Cell Signaling, Danvers, MA, USA), as appropriate. Signal was detected 

with enhanced chemiluminescence (ECL; Amersham Pharmacia Biotech, Piscataway, New 

Jersey, USA), and density was measured using scanning densitometry.

Estimate of neuronal density

At the time of euthanasia, following pentobarbital injection (150 mg/kg, ip), mice were 

perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) via left ventricle 

injection for 30 min and the brain was post-fixed in additional fixative solution for 24 h at 

4°C. Paraffin embedded whole brain was cut into 6-µm sections in the coronal plane through 

the cerebral hemispheres, slide mounted, and stained with cresyl violet for 30 minutes. 

Cresyl violet-positive neurons with a clear nucleus and nucleoli in the primary 

somatosensory cortex and in the pyramidal layer of the CA3 region of the hippocampus 

were counted by a blinded observer (K.K.) using ImageJ software on images captured with a 

computer-based CCD camera (Nikon Eclipse e800). Starting from the first section (bregma 

−1.7 mm, interaural 2.1 mm for P56 mice; bregma −1.0 mm, 4.7 mm from the most rostral 

section for P7 mice; bregma −1.0 mm, 6.0 mm from most rostral section for P14 mice), 

counts were taken from 3 different, non-adjacent coronal sections at 0.135 mm increments in 

Wang et al. Page 4

Neurotoxicol Teratol. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



100,000 µm2 fields in both hemispheres per mouse.43 Brain regions were defined in 

accordance with brain atlases for adult and developing mice.44–47

Memory and learning assessment

Cognitive assessment was conducted using a water T-maze test. A beige-colored plastic T-

maze was constructed such that each side arm measured 7.5 cm (width) × 32 cm (length) × 

17 cm (height) (San Diego Instruments, San Diego, CA). During testing, the maze was filled 

with tap water (25°C) to a depth of 7 cm. A clear escape platform (7.5 cm × 7.5 cm) was 

submerged below the water surface. The T-maze location within the behavior laboratory 

remained constant throughout the evaluation period. Overhead lighting and the surrounding 

environment provided visual spatial cues. Cognitive evaluation was performed as previously 

described.47–49

Prior to testing, in order to identify any potential turning bias, mice were exposed to the T-

maze without the platform for one day. Mice were placed in the starting arm and allowed to 

explore the maze for eight consecutive 30-second trials, separated by 15 minutes. If a 

turning bias was present during pretesting (defined as at least five entries into the same arm), 

then the platform was placed in the non-preferred arm during testing. Otherwise the platform 

was randomly placed in either the right or left arm.

During testing, eight daily trials were conducted with a 15-minute inter-trial interval. During 

each trial, mice were placed in the starting arm and the trial was deemed complete when the 

mouse either reached the platform, remaining there for two seconds or when 60 seconds had 

elapsed. If the test subject did not reach the platform after 60 seconds, it was gently guided 

to it. Once each trial was complete, the mice were left on the platform for 15 seconds and 

subsequently returned to their respective containers. The correct response in each trial was 

defined as reaching the platform from the starting arm without entering the opposite arm. 

The criterion for attaining spatial learning was defined as achieving at least seven correct 

responses during 8 trials for three consecutive days.

In order to examine cognitive flexibility, after mice achieved criterion, a reversal learning 

test was initiated on the following day. During reversal learning evaluation, all testing 

procedures were similar to initial testing except that the platform was placed in the opposite 

arm of the T-maze. The criterion for reversal learning was also defined as reaching at least 

seven correct responses out of eight trials for three consecutive days. In addition to days to 

criterion, latency time to find the platform was measured during each trial on the first three 

days of spatial and reversal testing.

Social behavior assessment

Social behavior was examined using a three-chambered apparatus (Dold Labs and 

Engineering, Seguin, TX) as previously described.50 The socialization apparatus included 

photocells that automatically recorded entry into to each chamber. Mice were first placed in 

the center chamber and allowed to explore it for 10 minutes for habituation. Each mouse was 

then permitted to freely explore all three chambers for 10 additional minutes. After the 

exploratory period, a wire cage (novel object) was placed in one of the side chambers and an 

unfamiliar B6129SF2/J mouse (novel mouse) of similar age and sex was placed inside an 
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identical wire cage in the opposite side chamber. Social investigation between either the 

stimulus mouse or the inanimate object was tested. Videos of study animals were recorded 

for 10 minutes and the number of entries and time spent inside each chamber were 

determined with computerized software (Dold Labs and Engineering Seguin, TX). An 

investigator (L.W.) blinded to the animal’s experimental cohort reviewed the video 

recordings and measured total time each study mouse spent interacting with the “novel 

mouse” and “novel object”.

Statistical Analysis

Sample size was determined based primarily on the number of mice required to detect a 20% 

change in days to achieve criteria with T-maze testing and secondarily on the number of 

mice required to detect a 20% change in NeuN content. A sample size of 8 animals per 

cohort provided a power of 80 based on an α of .05 for both outcome measures. Mice were 

randomly assessed either 1-week post exposure (P14) or 5 to 7 weeks post exposure (P42–

56). Equal number of males and females were assessed for each experiment. Ten animals per 

exposure cohort per time point were utilized for measurement of brain size and immunoblot 

analysis (providing a power of 90), while 4 animals per cohort per time point were used for 

slide mounted sections (providing a power of 80). A total sample size of 14 animals per 

exposure cohort per time point in the P42–56 cohort underwent cognitive assessment at 6 to 

7 weeks of age followed by social behavior testing at 7 to 8 weeks of age. A cohort of 10 

(equal number of males and females) healthy, unexposed 7 day old mice were also assessed 

as naïve controls but did not undergo neurodevelopmental testing. Six of these mice were 

utilized for brain size assessment and immunoblot analysis while 4 were used for slide 

mounted sections.

Data was assessed for normality by examining histograms and box plots. Parametric or non-

parametric tests were applied based on assumptions of normal distribution or failure to meet 

requirements. Statistical significance was assessed using two-way ANOVA and post hoc 

Tukey’s test for brain size, cell-specific protein densities, and social behavior testing (time 

spent inside each chamber and interaction times). Regression models were utilized to 

determine significance of sex for each outcome measure. Unpaired two-tailed Student’s t-

test was used to assess cell-specific protein densities between sexes in 7-day old, unexposed 

naïve controls. For latency escape times with T-maze testing, significance was assessed with 

two-way ANOVA with repeated measures and post hoc Tukey’s test. Kruskal-Wallis test 

with Dunn’s multiple comparison post hoc test was utilized for days to achieve criteria and 

neuronal density values. Data are presented as mean with standard deviation and 

significance was set at P < .05.

Results

Cognitive and social behavioral effects of postnatal isoflurane and CO exposure

Impaired cognition and behavior are important features of animal models of anesthesia-

induced neurotoxicity.51 Although exposure to isoflurane for 1-hour has previously been 

shown to induce apoptosis in the developing rodent brain on P7, neurodevelopmental 

outcome of such a brief, clinically relevant postnatal exposure has not been previously 
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tested.38,41 With regard to CO, 3-hour exposure to low concentration CO on P10 has been 

shown to impair murine memory and learning and socialization later in life.24 However, the 

effect of CO on neurodevelopment in the context of anesthetic-induced neurotoxicity is 

unknown. Thus, we assessed spatial reference memory using T-maze testing and social 

behavior using a three-chambered socialization apparatus 5–7 weeks following 1-hour 

exposure to isoflurane (2%), CO (0 ppm [air], 5 ppm, or 100 ppm), or to a combination of 

gases (isoflurane with CO) on P7.

With T-maze testing, each cohort except 5 ppm CO-exposed mice learned to escape the 

maze over the first 3 days of testing as evidenced by significantly shortened latency over 

time (Figure 1A). With reversal testing, all cohorts demonstrated significantly reduced 

latency times by day 3 of testing compared to day 1, indicating flexibility with learning 

(Figure 1B). The only differences in escape latency between exposure cohorts were seen on 

the first day of testing (Figure 1A). Animals exposed to 100 ppm CO with isoflurane 

demonstrated significantly longer latency escape times compared to air-exposed controls and 

latency times in both 100 ppm CO-exposed cohorts (with and without isoflurane) were 

significantly longer than the other two isoflurane-exposed cohorts (air with isoflurane and 5 

ppm CO with isoflurane) (Figure 1A). There were no significant differences in escape 

latency between cohorts with reversal testing and there was no significant effect of sex with 

either testing paradigm on any day of testing (Day 1, P = 0.39 [95% CI 2.6-(−6.4)]; Day 2, P 
= 0.70 [95% CI 2.5-(−3.8)]; Day 3, P = 0.49 [95% CI 3.2-(−1.6)]; Reversal Day 1, P = 0.41 

[95% CI 11.1-(−4.7)]; Reversal Day 2, P = 0.11 [95% CI 8.5-(−1.0)]; Reversal Day 3, P = 

0.08 [95% CI 5.2-(−0.4)]) (Figure 1B).

Mice exposed to air with isoflurane demonstrated impaired acquisition of memory by 

requiring significantly greater time to reach criteria with T-maze testing compared to air-

exposed controls (Figure 1C). However, combined exposure to either concentration of CO 

with isoflurane resulted in significantly less number of days to reach criteria versus exposure 

to isoflurane alone (Figure 1C). With reversal testing, the isoflurane-exposed cohort required 

significantly greater time to reach criteria compared to mice exposed to 100 ppm CO with 

isoflurane (Figure 1D). Animals exposed to 5 ppm CO also demonstrated impaired memory 

acquisition by requiring significantly more time to reach criteria compared to air-exposed 

mice (Figure 1C). This delay in achieving criteria was also significant compared to mice 

exposed to 5 ppm CO with isoflurane (Figure 1C). The 5 ppm CO-exposed cohort also 

demonstrated relative cognitive inflexibility as evidenced by a significantly greater number 

of days to achieve criteria with reversal testing versus the 100 ppm CO-exposed cohort 

(Figure 1D). Interestingly, the number of days to achieve criteria for both cohorts that 

underwent combined exposure to CO with isoflurane approximated that of air-exposed 

controls in standard and reversal T-maze testing (Figure 1C, D). There was no significant 

effect of sex in any cohort with either testing paradigm (P = 0.27 [95% CI 0.52-(−0.15)]; 

Reversal P = 0.11 [95% CI 0.63-(−0.07)]).

With social behavior testing, the amount of time each test mouse interacted with the novel 

mouse or novel object was quantified. All cohorts, except for those exposed to 5 ppm CO 

with isoflurane, spent significantly greater time in the chamber with the novel mouse versus 

the other two chambers (novel object and center chamber) and in the chamber with the novel 
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object versus the center chamber (Figure 2A). However, there was no significant difference 

between exposure cohorts in the duration of time that each animal spent in either the 

chamber with the novel mouse or the chamber with the novel object (Figure 2A). 

Interestingly, the isoflurane-exposed cohort and animals exposed to 5 ppm CO with 

isoflurane spent significantly longer time in the center chamber compared to air-exposed 

controls, suggesting ambivalent behavior (Figure 2A).52 The increase in time spent in the 

center chamber by mice exposed to 5 ppm CO with isoflurane was also significantly greater 

than those exposed to 5 ppm CO alone and 100 ppm CO with isoflurane (Figure 2A).

With regard to interaction time, each experimental group except for the isoflurane-exposed 

cohort spent significantly more time interacting with the novel mouse versus the novel 

object indicating an anesthesia-induced abnormality (Figure 2B). Compared to air-exposed 

controls, animals exposed to air with isoflurane, 5 ppm CO alone, or 100 ppm CO with 

isoflurane demonstrated significantly less interaction time with the novel mouse (Figure 2B). 

Furthermore, cohorts exposed to either concentration of CO alone and 100 ppm CO with 

isoflurane interacted significantly less with the novel object versus air-exposed mice (Figure 

2B). There were no significant differences based on sex of the animal in any cohort with 

regard to time spent in any chamber or interaction time (Time in chamber: novel mouse, P = 

0.31 [95% CI 71.5-(−23.9)]; center, P = 0.13 [95% CI 5.5-(−39.4)]; novel object, P = 0.99 

[95% CI 40.6-(−41.4)]; Interaction time: novel mouse, P = 0.09 [95% CI 20.4-(−1.7)]; novel 

object, P = 0.80 [95% CI 10.7-(−8.3)]). The data indicate that social behavior was impacted 

by exposure to isoflurane, CO, or combined exposure to isoflurane with CO.

Brain size following postnatal exposure to isoflurane and CO

Exposure to isoflurane for 1-hour on P7 is known to induce widespread apoptosis within the 

murine forebrain.38,41 Simultaneous exposure to low concentration CO inhibits such 

isoflurane-induced apoptosis in a dose-dependent manner.38 Alternatively, neonatal exposure 

to CO alone for 3-hours has been shown to inhibit natural programmed cell death within the 

brain, resulting in megalencephaly 1-week post-exposure.24 Because pathologic apoptotic 

neurodegeneration has the potential to reduce brain mass, we crudely assessed brain size in 

mice following 1-hour exposure on P7 to isoflurane (2%), CO (0 ppm [air], 5 ppm, or 100 

ppm), or to a combination of gases (isoflurane with CO) by measuring brain weight and 

brain volume normalized to body weight. Exposure cohorts were assessed 1-week or 5–7 

weeks post exposure and compared to unexposed, 7-day old naïve controls.

Consistent with normal growth, brain weight-to-body weight ratios and brain volume-to-

body weight ratios decreased over time in all exposure cohorts (Figure 3). Brain weight-to-

body weight ratios were significantly less at both time points following exposure compared 

to 7-day old unexposed controls (Figure 3). In addition, brain weight-to-body weight ratios 

differed significantly within exposure cohorts between the post exposure time points (Figure 

3). With regard to normalized brain volume, brain volume-to-body weight ratios were 

significantly less 5–7 weeks post exposure compared to 7-day old unexposed controls and 

were significantly less than animals within exposure cohorts 1-week post exposure (Figure 

3). There was no significant difference between cohorts based on type of exposure or sex of 
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the animal (Figure 3) (see Figure 1 in Ref #53). Thus, changes in brain weight and volume 

over time were based solely on the age of the animal.

Relative cellular content in the developing brain following exposure to isoflurane and CO

Toxicological processes that induce large scale neurodegeneration pathologically reduce the 

number of neurons in the developing brain and have the potential to alter the content of non-

neuronal cells.55,55 On the other hand, inhibition of developmental apoptosis can result in 

increased neuronal content and excess number of neurons in the immature brain.24,25 Thus, 

we estimated the content of neurons, astrocytes, oligodendrocytes, and microglia in whole 

brain following 1-hour exposure on P7 to isoflurane (2%), CO (0 ppm [air], 5 ppm, or 100 

ppm), or to a combination of gases (isoflurane with CO) using immunoblot analysis for 

neuron specific antigen (NeuN), S100β, adenomatous polyposis coli (APC), and ionized 

calcium binding adapter molecule 1 (Iba1), respectively.56 Exposure cohorts were assessed 

1-week or 5–7 weeks post exposure and compared to unexposed, 7-day old naïve controls.

To determine if there were baseline differences in cellular content in the developing brain 

due to sex, we first assessed steady-state protein levels in healthy, unexposed male and 

female 7-day old mice. Densities were normalized to actin and values from 7-day old naïve 

males were arbitrarily set to 1. Comparison between unexposed male and female mice 

demonstrated no significant differences in steady-state levels of whole brain NeuN, S100β, 

APC, or Iba1 (Supplemental Figure 1). The findings indicate that there were no sex-based 

disparities in the cellular content of neurons, astrocytes, oligodendrocytes, and microglia in 

the developing brain on P7.

Steady-state whole brain protein levels were next determined in each exposure cohort 1-

week and 5–7 weeks following exposure. Seven-day old naïve female #3 and male #1 mice 

were arbitrarily chosen as representative unexposed controls to permit age- and sex-based 

comparison and 7-day old male values were set to equal a relative density of 1. With regard 

to NeuN, S100β, and APC, steady-state levels increased significantly over time in all 

exposure cohorts (Figure 4). Iba1 levels increased significantly 1-week post exposure in 

each cohort compared to naïve controls, then decreased significantly 5–7 weeks following 

exposure (Figure 4). However, steady-state Iba1 levels at the 6–8-week time point remained 

significantly higher than 7-day old unexposed control values in all cohorts (Figure 4). 

Importantly, there were no significant differences in protein levels between cohorts based on 

type of exposure or sex of the animal (Figure 4)(see Figure 2 in Ref #53). The data indicate 

that neuron-, astrocyte-, and oligodendrocyte-specific protein content increased in the 

developing brain over time and was not affected by type of exposure or sex. The changes in 

microglia-specific protein were also age-dependent without any effect due to type of 

exposure or sex.

Estimate of neuron density following postnatal exposure to isoflurane and CO

Postnatal neuronal apoptosis is a natural process in the developing brain that is necessary for 

proper neuronal networking and patterning.21 The role of physiologic cell death is to 

eliminate excess and aberrant neurons.21 Impaired or inhibited neuronal apoptosis results in 

pathological persistence of neurons while enhanced apoptotic neurodegeneration leads to a 
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net loss of neurons.21,24,25 Thus, we estimated the density of neurons in the primary 

somatosensory cortex and in the pyramidal layer of the CA3 region of the hippocampus 

using cresyl violet staining of slide mounted brain sections from unexposed, 7-day old naïve 

controls and mice 1-week or 5–7 weeks following 1-hour exposure on P7 to isoflurane (2%), 

CO (0 ppm [air], 5 ppm, or 100 ppm), or to a combination of gases (isoflurane with CO). 

Primary somatosensory cortex was chosen because it contains the greatest number of 

neurons within the murine cerebral cortex and the CA3 subfield was chosen because it 

encodes spatial and episodic memory and is susceptible to neurodegenerative processes.57,58 

The number of mice evaluated per cohort provided a power of 80 to detect a 15% difference 

in the number of neurons per brain region.

Neuronal density in the primary somatosensory cortex decreased significantly in the air-

exposed cohort 5–7 weeks following exposure compared to 7-day old unexposed controls 

(Figure 5). There were no significant differences in cortical neuron densities following any 

other type of exposure compared to naïve controls or between cohorts at any time point 

(Figure 5). Furthermore, no significant effect of sex was identified in any cohort at any time 

point (See Figure 3 in Ref #53). With regard to the CA3 region of the hippocampus, 

neuronal density decreased significantly 1-week post exposure in air-exposed controls 

compared to 7-day old unexposed controls (Figure 6). However, there was no significant 

differences in hippocampal neuron densities following any other type of exposure compared 

to naïve controls or between cohorts at any time point (Figure 6). As with cortical neuron 

density, no significant effect of sex was identified in any cohort at any time point (See Figure 

3 in Ref #53).

The data indicate physiologic, age-dependent neuron elimination in air-exposed controls 

within the cortex and hippocampus. Lack of significant decreases in density in the 

hippocampus at the late time point may have been due to neurogenesis.59–61 Importantly, 

there were no isoflurane or CO-mediated effects on neuronal density in either brain region 

and significant isoflurane-induced neuron loss was not observed.

Discussion

In prior work, we demonstrated that 1-hour exposure to isoflurane on P7 induced widespread 

apoptosis in the developing murine forebrain.38 Here we demonstrate that such an exposure 

impaired memory acquisition and led to subtle abnormalities in social behavior later in life. 

Thus, postnatal exposure to isoflurane for 1-hour resulted in neurotoxicity. Utilizing low 

concentrations of CO that inhibit isoflurane-induced apoptosis in a dose-dependent manner, 

we aimed to delineate the role of apoptotic neurodegeneration in anesthesia-induced 

neurotoxicity by assessing the effect of CO on isoflurane-induced defects in 

neurodevelopment.38

Our findings demonstrated that both concentrations of CO attenuated the prolonged duration 

of time required to reach criteria caused by isoflurane while, in reversal testing, 100 ppm CO 

reduced the number of days required to reach criteria relative to the anesthesia-exposed 

cohort. Though devoid of a clear dose-response, these effects suggest that apoptosis may 

have partially caused or contributed to isoflurane-mediated deficits in memory acquisition 
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and cognitive flexibility. In contrast, however, exposure to 100 ppm CO with isoflurane 

increased latency escape time on Day 1 of testing, implying an acquired impairment in 

spatial reference memory. Furthermore, combined exposure to CO with isoflurane failed to 

limit or prevent anesthesia-mediated impairments in social behavior and, in fact, resulted in 

defects in socialization. Because anti-apoptotic concentrations of CO incompletely 

prevented isoflurane-induced defects in neurodevelopment, lacked concentration-dependent 

effects, and only provided protection in certain domains suggests that anesthesia-related 

neurotoxicity is not solely mediated by activation of the mitochondrial apoptosis pathway 

and that other pathologic processes and pathways are likely involved.

With regard to the neurodevelopmental effects of CO, both concentrations independently 

impaired spatial reference memory as evidenced by a lack of improvement in escape latency 

over time in the 5 ppm CO-exposed cohort and prolonged escape latency in the 100 ppm 

CO-exposed group. As with isoflurane, neonatal exposure to 5 ppm CO impaired memory 

acquisition and resulted in relative cognitive inflexibility. In addition, all CO exposures 

resulted in some defect in socialization. These findings are consistent with the known 

neurodevelopmental consequences of a 3-hour postnatal CO exposure.24 Thus, as a 

limitation of the current work, it is possible that CO confounded the neurobehavioral 

outcomes following combined exposure with isoflurane. However, because 1-hour postnatal 

CO exposure variably affects programmed cell death, such CO-mediated neurotoxicity likely 

involved alternative mechanisms, strengthening the case for the role of non-apoptosis 

pathways in this model.38

When considering the prolonged escape latency times in the 100 ppm CO-exposed cohorts, 

the data suggest impaired reference memory despite preserved or enhanced memory 

acquisition. The coexistence of these two seemingly contradictory aspects of cognitive 

function has been previously reported in murine models, however, alternative explanations 

of longer escape latency may exist.62 For example, lack of motivation, sensorimotor 

abnormalities, and anxiety can lengthen escape times independent of defects in memory.63 

Anesthetic agents have been shown to impair motivation in neonatal non-human primates 

while CO reduced exploratory behavior in transgenic mice that overexpress heme 

oxygenase.64,65 Thus, it is possible that such effects may have contributed to the longer 

latency times seen on the first day of testing in the two higher CO concentration-exposed 

cohorts. Of note, the escape times were not significantly different from results of the other 

cohorts on the subsequent days of testing and approximated control values by Day 3, 

suggesting that potential defects were transient and could be overcome.

With regard to secondary outcome measures, isoflurane had no net effect on neuron density, 

cellular protein content, or on brain weight and volume. These findings differ from an early 

report suggesting that neuronal deletion occurred in the developing rat brain following a 6-

hour exposure to an anesthesia “cocktail” (isoflurane, nitrous oxide, midazolam).27 

Although this disparity could be due to differences in duration of exposure or use of a single 

anesthetic versus combined agents, our findings are consistent with more recent studies 

demonstrating that prolonged midazolam or isoflurane exposure did not reduce neuron 

numbers or neuron density despite widespread induction of apoptosis.28,29 The lack of a 

measureable effect of anesthetics on the net number of neurons and brain morphology 
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during development suggests differences in neuron elimination in the immature brain 

following anesthetic exposure versus more macroscopic losses seen with ethanol toxicity.26 

The reasons for this discrepancy are not known but may relate to the underlying mechanisms 

or degree of toxicity. Of note, neuronal density, cellular content, and brain size were also 

unaffected by low concentration CO. These findings differed from the transient 

megalencephaly and increases in neuronal content seen following a 3-hour exposure on P10 

and probably were due to a shorter duration of exposure or the age of the mouse at the time 

of exposure.24

Taken together, the data suggest that the major determinant of changes in brain size and 

cellular content over time was the age of the animal. Increases in whole brain NeuN content 

coincided with the timing of the second phase of neocortical neurogenesis and ongoing 

increases in neuron numbers in the cerebellum.66 In addition, changes in glia-specific 

protein content were consistent with the known age-related changes in gliogenesis and 

increases in non-neuronal cell content.56,66 With regard to neuron density, the decreases over 

time in the primary somatosensory neocortex and CA3 region in air-exposed controls likely 

reflected physiologic neuron elimination in addition to reductions in neuron size with age in 

these regions.66 Lack of significant decreases in neuron density observed in the 

hippocampus at the 6–8-week time point may have been due to exercise- or learning-

mediated effects on neuron density and number in the CA3 region given that each cohort had 

undergone T-maze testing 1–2 weeks prior.59–61

Based on our findings, alternative mechanisms of anesthetic toxicity, in addition to 

apoptosis, must be considered. It is well known that anesthetic agents cause oxidative stress 

in the developing brain.18–20 Specifically, free radicals are generated by mitochondrial 

sources during anesthetic exposure and accumulate within mitochondria.18,20 In prior work, 

we demonstrated that isoflurane and low concentration CO independently cause lipid 

peroxidation within murine forebrain mitochondria following a 1-hour exposure on P7.39 

However, combined exposure to isoflurane with low concentration CO paradoxically limited 

such oxidative stress.35 Interestingly, the memory acquisition findings in the various 

exposure cohorts in the current study bear striking similarity to this pattern of oxidative 

stress.39 For example, when comparing the number of days that each experimental cohort 

required to reach criteria with T-maze testing, the magnitude and relative directionality 

closely follow the degree of lipid peroxidation seen within murine forebrain mitochondria 

following such exposures on P7.39 This suggests that certain neurocognitive consequences 

following neonatal exposure to each gas or their combination may be associated with the 

degree of reactive oxygen species generation within the developing brain.

Free radicals can damage cellular lipids, proteins, and DNA, and can lead to mitochondrial 

dysfunction.67 Because the immature brain is uniquely vulnerable to environmental insults 

during critical time points during development, it is possible that anesthesia-induced 

oxidative stress could disrupt fundamental processes (i.e., migration, myelination) required 

for normal brain maturation.40 Interruption of any of the critical developmental processes 

could result in functionally significant developmental abnormalities later in life.40 Future 

work will be necessary to test this concept and define the downstream pathways affected in 

order to demonstrate a causative link with oxidative stress.
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Finally, our findings may have clinical relevance given that infants and children are 

commonly exposed to low concentrations of CO during low-flow anesthesia when re-

breathing is permitted.68,69 In the current study, we found that low dose CO preserved 

memory acquisition and cognitive flexibility when co-administered with isoflurane. 

However, low dose CO may have also resulted in impaired spatial reference memory and 

disrupted social behavior. This dichotomy between CO-mediated neuroprotection and 

neurotoxicity is known to exist in nature with a variety of biologically active agents and our 

findings exemplify these divergent properties.70–72 Because low concentrations of CO can 

interfere with many different critical neurodevelopmental processes, further investigation of 

the safety and efficacy of CO exposure in the setting of an anesthetic is necessary.73 Such 

studies could have implications for the practice of low-flow anesthesia in infants and 

children. Importantly, investigating the various pathways that underlie CO-mediated toxicity 

and cytoprotection may permit us to better understand how the immature brain responds to 

toxicological insults at critical times during development and help to elucidate other 

potential mechanisms of anesthesia-induced neurotoxicity.
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Highlights

• Anesthetics induce widespread apoptosis in the immature brain.

• Low dose carbon monoxide (CO) exerts anti-apoptotic properties in the brain.

• CO inhibits isoflurane-induced apoptosis in a dose-dependent manner.

• CO incompletely prevented isoflurane-induced defects in neurodevelopment.

• Anesthesia-induced neurotoxicity may not be mediated solely by apoptosis.
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Figure 1. Spatial reference memory and cognitive flexibility following exposure
A. Latency escape times from the T-maze during the first 3 days of spatial and B. reversal 

testing are shown. Values from the six experimental cohorts are expressed as means +/− 

standard deviation. *P < 0.05 Day 1 vs. Day 2 and Day 3 of testing within the cohort, †P < 

0.01 Day 1 vs. Day 2 and P < 0.001 Day 1 vs. Day 3 of testing within the cohort, ‡P < 0.001 

Day 1 vs. Day 2 and Day 3 of testing within the cohort, ^P < 0.05 vs. air-exposed controls 

and P < 0.01 vs. air + isoflurane and 5 ppm CO + isoflurane on Day 1 of testing, #P < 0.05 

vs. air + isoflurane and P < 0.01 vs. 5 ppm CO + isoflurane on Day 1 of testing. aP < 0.05 

Day 1 vs. Day 3 of testing within the cohort, bP < 0.01 Day 1 vs. Day 2 and Day 3 of testing 

within the cohort. C. Days to achieve criteria during memory acquisition testing are 

demonstrated. Values from the six experimental cohorts are expressed as means plus 

standard deviation. *P < 0.05 vs. air-exposed controls, P < 0.001 vs. 5 ppm CO + isoflurane, 

and P < 0.01 vs. 100 ppm CO + isoflurane. †P < 0.01 vs. air-exposed controls and 5 ppm CO 

+ isoflurane. D. Days to achieve criteria during reversal testing are demonstrated. *P < 0.05 

vs. 100 ppm CO + isoflurane. †P < 0.01 vs. 100 ppm CO-exposed cohort. N = 14 animals 

per cohort.
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Figure 2. Social behavior following exposure
A. Time spent in each chamber of the apparatus is depicted. The side chambers contained 

either the novel mouse or novel object while the center chamber lacked the presence of a 

stimulus mouse or inanimate object. Values from the six experimental cohorts are expressed 

as means plus standard deviation. *P < 0.05 vs. center chamber within the cohort. †P < 0.01 

vs. novel object within the cohort. ‡P < 0.001 vs. center chamber within the cohort. ^P < 

0.001 vs. novel object within the cohort. aP < 0.05 vs. air-exposed controls in center 

chamber, bP < 0.01 vs. air-exposed controls and P < 0.05 vs. 5 ppm CO-exposed and 100 
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ppm CO + isoflurane cohorts in center chamber. B. Interaction time with either the novel 

mouse or novel object is depicted. Values from the six experimental cohorts are expressed as 

means plus standard deviation. *P < 0.05 vs. novel object within the same cohort. †P < 0.01 

vs. novel object within the same cohort. ‡P < 0.001 vs. novel object within the same cohort. 

^P < 0.05 vs. air + isoflurane, 5 ppm CO-exposed, and 100 ppm CO + isoflurane cohorts 

with novel mouse. aP < 0.05 vs. 5 ppm CO-exposed, 100 ppm CO-exposed, and 100 ppm 

CO + isoflurane cohorts with novel object. N = 14 animals per cohort.
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Figure 3. Normalized brain weight and volume following exposure
Brain weight-to-body weight and brain volume-to-body weight ratios are depicted for each 

cohort 1-week (postnatal day 14) and 5–7 weeks (postnatal days 42–56) post exposure. 

Values for unexposed, naïve controls on postnatal day 7 are also shown. Dotted line 

separates pre- and post-exposed cohorts. N = 10 animals for each exposed cohort. N = 6 

animals for unexposed controls. Values are expressed as means ± standard deviation. ‡ P < 

0.001. Significance post-exposure was within exposure cohort only.
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Figure 4. Cell-specific protein content in whole brain following exposure
Steady-state levels of neuron-, astrocyte-, oligodendrocyte-, and microglial-specific protein 

were quantified in whole brain 1-week (postnatal day 14) or 5–7 weeks (postnatal days 42–

56) post exposure. Seven-day old naïve female #3 and male #1 mice were arbitrarily chosen 

as representative unexposed controls to permit age-based comparison. A. Representative 

immunoblots of neuron specific antigen (NeuN), S100β, adenomatous polyposis coli (APC), 

and ionized calcium binding adapter molecule 1 (Iba1) are depicted for postnatal day 14 

(P14) and postnatal days 42–56 (P42–56) time points. Actin was used as a loading control. 

Exposure cohorts are indicated by concentration of carbon monoxide (CO) (0 parts per 

million (ppm) [air], 5 ppm, or 100 ppm) with (+) or without (−) isoflurane. P7 female (F) 

and male (M) are indicated. B. Graphical representation of relative densities of NeuN, 
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S100β, APC, and Iba1 are shown. Dotted line separates pre- and post-exposed cohorts. 

Values are expressed as means plus standard deviation. Unexposed, naïve P7 male values 

were arbitrarily set to 1. N = 10 animals for each exposed cohort per time point. *P < 0.05, ‡ 

P < 0.001. Significance post-exposure was within exposure cohort only.
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Figure 5. Estimated neuron density in primary somatosensory cortex following exposure
A. Representative cresyl violet stained coronal sections obtained at 20X magnification are 

depicted for each cohort 1-week (postnatal day 14) and 5–7 weeks (postnatal days 42–56) 

post exposure as well as for unexposed, naïve controls on postnatal day 7 (P7). Dotted line 

separates pre- and post-exposed cohorts. Scale bar, 200 µm. B. Quantification of the number 

of neurons (in thousands) in primary somatosensory cortex is demonstrated. Values are 

expressed and means plus standard deviation. N = 4 animals per cohort per time point. *P < 

0.01.
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Figure 6. Estimated neuron density in CA3 region of hippocampus following exposure
A. Representative cresyl violet stained coronal sections obtained at 20X magnification are 

depicted for each cohort 1-week (postnatal day 14) and 5–7 weeks (postnatal days 42–56) 

post exposure as well as for unexposed, naïve controls on postnatal day 7 (P7). Dotted line 

separates pre- and post-exposed cohorts. Scale bar, 200 µm. B. Quantification of the number 

of neurons (in thousands) in CA3 region is demonstrated. Values are expressed and means 

plus standard deviation. N = 4 animals per cohort per time point. *P < 0.001.
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