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Abstract

Anesthetic agents are often administered in the neonatal period, a time of rapid brain development 

and synaptogenesis. Mounting evidence suggests that anesthetics can disrupt neurocognitive 

development, particularly in cases of multiple or prolonged anesthetic exposure. Previous studies 

have shown that administering multiple doses of ketamine-xylazine (KX) anesthesia to neonatal 

mice can induce long-term changes to synaptic plasticity in the cortex, but the effect on 

neurocognitive function remains unclear. In this study, we exposed neonatal mice to single dose 

and multiple doses of KX anesthesia in the neonatal period (postnatal days 7, 9, 11), and 

conducted a series of behavioral tests in young adulthood (1 month of age). Mice receiving 

multiple doses of KX anesthesia showed deficits in novel object recognition, sociability, 

preference for social novelty and contextual fear response, but no effect on auditory-cued fear 

response. Single dose of KX anesthesia had no effect on these behaviors except for contextual fear 

response. We also observed that multiple exposures to KX anesthesia were associated with 

decreased CaMKII phosphorylation, which is known to play a role in synapse development and 

long-term potentiation, likely contributing to learning impairment.
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1. Introduction

Anesthetics were once thought to have a completely reversible effect on cognition, with 

brain structure and function returning to its previous state at the conclusion of surgery. 

Recent literature suggests that anesthetics can have lasting effects on the brain, especially 

when exposure occurs during peak synaptogenesis in the neonatal period (Rice and Barone, 

2000). The effect of anesthetics on the developing brain has long been disputed. Beginning 

in the 1970s, early work showed disruption of neural development in a rodent model with 
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chronic exposure to halothane (Chang et al., 1974; Levin et al., 1991). Early studies were 

primarily concerned with chronic exposure by operating room staff (Whitcher et al., 1971). 

As surgeries became more common in the neonatal period, there has been renewed interest 

in the impact of anesthetics on neural development, particularly in relation to the duration 

and frequency of anesthetic exposure.

Recent literature has focused on whether neonatal anesthetic exposure is sufficient to cause 

disruption in neural development and cause cognitive changes later in life (Amrock et al., 

2015; Flick et al., 2011; Haberny et al., 2002; Wilder et al., 2009). In a sentinel neurotoxicity 

study, Jevtovic et al showed that a single exposure to nitrous oxide, isoflurane, and 

midazolam is sufficient to cause neurocognitive deficits in rats (Jevtovic-Todorovic et al., 

2003). Such cognitive disruption with anesthetic agents occurs across several animal models 

(Fredriksson et al., 2007; Kodama et al., 2011; Satomoto et al., 2009; Shen et al., 2013; 

Viberg et al., 2008), including primates. For example, early ketamine exposure in rhesus 

monkeys is associated with cognitive deficits as adults (Paule et al., 2011; Zou et al., 2011). 

Human studies of anesthetic effect on neurocognitive development are largely limited to 

retrospective studies (DiMaggio et al., 2009; DiMaggio et al., 2011; Flick et al., 2011; Ing et 

al., 2012; Sprung et al., 2012; Sun, 2010; Wilder et al., 2009), in which prior anesthetic 

exposure was studied in children known to have grossly abnormal cognitive development. 

Therefore, it is difficult to extrapolate the nature of specific neurocognitive abnormalities in 

children on the basis of these studies. Current prospective studies include the PANDA study, 

which follows neurocognitive outcomes for children exposed to anesthesia prior to three 

years of age and the GAS study, which follows neurocognitive outcomes for children 

exposed to general vs. regional anesthesia for hernia repair (Miller et al., 2014). Thus far, 

results show that a single exposure to volatile anesthetic does not have a significant effect on 

IQ in sibling pairs (Sun et al., 2016). Similarly, neonates with 1 hour of sevoflurane 

exposure vs. regional anesthesia showed no difference in cognitive function at two years of 

age (Davidson et al., 2016). However, little is known about the effect of prolonged or 

repeated anesthetic exposure on neurocognitive development.

Ketamine-xylazine (KX) anesthesia is commonly used in mice. Ketamine, a dissociative 

anesthetic, is sometimes used in pediatric patients. Ketamine acts as an antagonist at the N-

methyl-D-aspartate (NMDA) receptor, which is known to play a crucial role in Hebbian 

learning and synaptic plasticity (Haberny et al., 2002; Harris et al., 2003). Mice require 

higher doses of ketamine than humans to achieve the same anesthetic effect. Ketamine is 

administered in combination with xylazine, an alpha-2 adrenergic agonist, in order to induce 

general anesthesia. We have previously shown that multiple exposures, but not a single 

exposure of neonatal mice, to KX (20 mg/kg ketamine and 3 mg/kg xylazine) anesthesia 

resulted in impaired motor learning in rotarod and treadmill motor learning tasks (Huang et 

al., 2016). In this study, we aimed to further characterize the behavioral effects of neonatal 

KX anesthesia in mice. Specifically, we investigated whether a single or multiple exposures 

of neonatal mice to KX anesthesia cause deficits in novel object recognition, social behavior 

as well as fear conditioning. The behavior effects of repeated exposure to either ketamine or 

xylazine alone were also examined.

Huang et al. Page 2

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Finally, calcium/calmodulin-dependent kinase II (CaMKII) is a molecular substrate for 

learning and memory (Coultrap and Bayer, 2012; Lisman et al., 2012). Activated CaMKII is 

critically involved in the induction of long-term potentiation and has been shown to be 

essential for a variety of learning tasks (Giese et al., 1998; Irvine et al., 2005). We therefore 

examined the levels of CaMKII and phospho-CaMKII in adult mouse brain after multiple 

exposures to KX anesthesia in the neonatal period.

2. Materials and Methods

2.1 Experimental animals and anesthetic treatment

The animal protocol was approved by Institutional Animal Care and Use Committee at New 

York University Medical Center (New York, NY, USA). C57BL/6J mice were purchased 

from the Jackson Laboratory (Bar Harbor, ME) and group-housed in the New York 

University Skirball animal facility. Mice of both sexes were randomly assigned to three 

treatment groups, with half male and half female in each group. The control group received 

saline injections. The single-exposure group received one intraperitoneal injection of KX 

[ketamine (20 mg/kg) and xylazine (3 mg/kg)] on postnatal day 7 (P7). The multiple-

exposure group received KX injection on P7, 9 and 11, a total of three injections. The 

dosage of KX was selected on the basis that one injection of ketamine (20 mg/kg) and 

xylazine (3 mg/kg) produces general anesthesia in neonatal mice for ~0.5–1 hour. We 

observed that ~20% of mice vocalized and pivoted to tail pinch 30 min after injection and 

~80% of mice showed voluntary movement within one hour. During anesthesia, a heating 

pad was used to maintain the animal’s body temperature at about 37°C. We measured the 

blood gas values at 1 h after KX injection. Consistent with our previous study, 1-hour KX 

anesthesia did not induce significant alteration in blood gas values including pH and partial 

pressure of oxygen and carbon dioxide (Yang et al., 2011).

2.2. Novel object recognition test

In all behavioral experiments, the animals were acclimatized before the experiments and 

researchers were blind to the experimental condition. Mice were tested for novel object 

recognition in custom-built opaque plexiglas boxes (25 × 25 × 25 cm). Behavior was 

videotaped using standard webcams and images were analyzed with Quicktime software 

(Apple). Mice were handled by the same researcher for 3 days and then habituated to the 

testing environment for 30 min with no objects in the chamber. Twenty four hours after the 

habituation, mice were placed into the testing environment with two identical sample objects 

(familiar object) placed in opposite corners for 10 min. Mice were removed and returned to 

their home cages. Twenty four hours later, mice were returned to the testing environment for 

5 min where one of the sample objects was replaced by a novel object, which differs from 

the familiar object in the shape and texture. Measures of interaction were taken of the 

amount of time that the animal spent with its head and nose oriented toward and within 2 cm 

of the object. Different types of interactions such as the animal accidentally touching, sitting 

or standing on the object were not considered exploratory activity. Discrimination index was 

calculated as the time spent interacting with the novel object divided by the total time spent 

exploring both objects.
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2.3. Sociability and preference for social novelty

The tests for sociability and preference for social novelty were conducted in a custom-built 

three-chambered box (Moy et al., 2004). Each chamber was 20 × 30 × 30 cm and the 

dividing walls were made from clear plexiglas, with small rectangular doors (5 × 8 cm) 

allowing comunication between chambers. Behavior was videotaped using standard 

webcams and images were analyzed with Quicktime software (Apple). The test mouse was 

first placed in the middle chamber and allowed to explore all three chambers for 10 min. 

After this habituation period, an unfamiliar mouse (stranger 1) that had no prior contact with 

the test mouse was randomly placed in one of the side chambers. The stranger mouse was 

placed in a cylinder-shaped, mesh-wire enclosure (10 cm in diameter and 15 cm high) that 

allowed nose contact between the test mouse and the stanger mouse, but prevented fighting. 

The animals serving as strangers were of the same sex and had been previously habituated to 

the mesh-wire enclosure. Both doors to the side chambers were then unblocked and the test 

mouse was allowed to explore the entire social test box in a 10-min session. Measures were 

taken of the amount of time spent in each chamber. Sociability was calculated as the time 

spent in the social chamber divided by the total time spent in social and empty chambers. 

Following the sociability test, the test mouse was assessed for preference for social novelty 

in another 10-min session. A novel, unfamiliar mouse (stranger 2) was placed in the 

chamber that had been empty during the sociability test. Stranger 2 was placed in an 

identical, mesh-wire enclosure. The test mouse then had a choice between the first, already-

interacted mouse (stranger 1), vs. the novel unfamiliar mouse (stranger 2). Measures were 

taken of the amount of time spent in each chamber. Preference for social novelty was 

calculated as the time that the test mouse spent in the chamber with the novel, unfamiliar 

mouse divided by the total time spent in two side chambers.

2.4. Cued and contextual fear conditioning

Fear conditioning was performed in a FreezeFrame fear conditioning system (Coulbourn 

Instruments, Whitehall, PA). Mice were placed in a cleaned chamber for 2 min before they 

were presented with a auditory cue (a 400-Hz, 80-dB tone) for 30 sec. A mild foot shock 

(0.5-mA) was administered during the last 2 sec of the tone presentation and co-terminated 

with the tone. A total of three trials were repeated with a 60–210 sec intertrial interval on the 

training day. The next day, contextual fear memory was tested by returning mice to the same 

chamber for 5 min without applying the shock. Contextual fear memory was measured by 

the percent of time that the animals spent on freezing in response to re-presentation of the 

context. Auditory-cued fear memory was tested by placing mice to a different chamber and 

presenting the auditory cue. Auditory-cued fear memory was measured by the percent of 

time that the animals spent on freezing duirng the tone presentation.

2.5. Isolation of synaptosome fractions and Western blot

Mice were deeply anesthetized and perfused with 40 ml of Ca2+/Mg2+-free Dulbecco’s 

phosphate buffered saline. The brain was dissected and homogenized with a dounce 

homogenizer in buffer A (320 mM sucrose, 1 mM NaHCO3, 1 mM MgCl2, and 0.5 mM 

CaCl2) and cleared of nuclei and insoluble material by centrifugation at 3000g. The resulting 

supernatant was centrifuged at 30,000g to pellet membranes, and the pellet was subsequently 
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resuspended in buffer B (320 mM sucrose and 1 mM NaHCO3). Membranes were 

fractionated using a discontinuous sucrose gradient consisting of 1.0 and 1.2 M sucrose at 

120,000g for 2 hours at 4°C. After centrifugation, the synaptosomal fraction was isolated at 

the 1.0/1.2 interface, diluted in buffer B, and pelleted at 120,000g for 45 min at 4°C. The 

resulting synaptosomes were solubilized in 25 mM tris (pH 7.4) and 2% SDS. Protein 

content was determined by bicinchoninic acid assay (Thermo Scientific), and 10 μg of total 

protein was loaded per lane on a SDS-PAGE gel. Separated proteins were transferred to 

polyvinylidene difluoride membrane (Millipore) and blocked for 30 min with 2% bovine 

serum albumin in tris-buffered saline–Tween 20. Blocked membranes were probed overnight 

with the following antibodies: CaMKII (ThermoFisher), p-CaMKII (phosphoSolutions), and 

actin (Sigma). After washing, membranes were incubated with anti-rabbit or anti-mouse 

IgG-HRP secondary antibodies (Jackson ImmunoResearch), washed, and incubated with 

enhanced chemiluminescence reagent (GE Life Sciences) before exposure to film. 

Densitometry analysis was performed by manual scanning and digitalization of film, and 

quantified using the gel analysis plugin for NIH ImageJ software (Parkhurst et al., 2013).

2.6. Statistics

Prism software (GraphPad 6.0) was used to conduct the statistical analysis. Data were 

presented as means ± SEM. Tests for differences between populations were performed using 

a one-way ANOVA followed by Tukey’s post hoc test, or Student’s t test as specified in the 

text. Significant levels were set at P < 0.05.

3. Results

3.1. Multiple, but not single, neonatal exposures to KX anesthesia impair novel object 
recognition

To determine whether single and multiple exposures of neonatal mice to KX anesthesia 

cause abnormal behavior, we performed a series of behavioral tests in young adult mice that 

had been exposed to KX anesthesia during early brain development. Specifically, the single-

exposure group (1-KX) received one injection of KX [ketamine (20 mg/kg) and xylazine (3 

mg/kg)] at P7; the multiple-exposure group (3-KX) received three injections of KX at P7, P9 

and P11; control mice received saline injections (Fig. 1A). At 1 month of age, mice were 

first tested for novel object recognition (NOR) (Fig. 1B). NOR test is based on the 

spontaneous tendency of animals to spend more time exploring a novel object than a familiar 

object. The preference to explore the novel object reflects the animal’s learning and 

recognition memory. Both control and single-exposure groups showed a preference toward 

the novel object during the NOR test, but the multiple-exposure group showed no such 

preference at 24 h after training (Fig. 1C). Performance on the NOR task was measured by 

the discrimination index, which is the percentage of time that mice spent with novel object 

relative to the total time exploring both objects. We found that, as compared to saline-treated 

controls (81.9% ± 1.9%), the discrimination index is significantly lower in the multiple-

exposure group (52.3 ± 3.1%; P < 0.0001 vs. control by Tukey’s post hoc test), but not in the 

single-exposure group (83.9 ± 2.2%; P = 0.86 vs. control) (Fig. 1D). Our results indicate that 

repeated exposure, but not single exposure, to KX anesthesia at neonatal age results in 

persistent impairment in recognition memory.
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3.2. Multiple, but not single, exposures to KX anesthesia impair social behavior

Normal mice exhibit social interaction behavior and have a tendency to preferentially 

explore unfamiliar mice. To determine whether mice with neonatal exposure to KX 

anesthesia have abnormal social behavior, we examined the animals’ sociability and 

preference for social novelty at one month of age (Fig. 2A). In the test for sociability, the 

test mouse was given a choice between spending time in the side with an unfamiliar mouse 

vs. an empty side (Fig. 2B). All groups of mice spent more time with the unfamiliar mouse 

than the empty chamber (Fig. 2C), but the sociability of 3-KX mice was significantly lower 

than that of control mice (Fig. 2D). Sociability was expressed as the percent of time that the 

test mouse spent in the chamber with unfamiliar mouse relative to the total time spent in 

both side chambers. There was no difference in sociability between 1-KX mice and control 

mice. Following the sociability test, test of preference for social novelty was performed (Fig. 
2E). Again, we found that control and single-exposure groups spent more time exploring the 

novel mouse, while the multiple-exposure group spent similar amount with both familiar and 

unfamiliar mice (Fig. 2F). Thus, the preference for social novelty was significantly lower in 

3-KX mice (P < 0.0001 vs. control by Tukey’s post hoc test), but not in mice with single KX 

exposure (P = 0.96 vs. control) (Fig. 2G). Together, these results show that multiple, but not 

single, neonatal exposures to KX anesthesia results in persistent impairment in social 

behavior.

3.3. Exposure to KX anesthesia impairs contextual, but not auditory-cued fear response

To further examine the effect of neonatal anesthetic exposure on learning and memory, we 

compared KX- and saline-treated mice in fear conditioning at 1 month of age (Fig. 3A). 

Specifically, mice were trained to associate an unconditioned stimulus (the foot shock) with 

a context (the shock chamber) or a tone. Twenty-four hours after fear conditioning, mice 

were returned to the same chamber to test for the contextual fear response, or were presented 

with the same tone in a new chamber to test for the auditory-cued fear response (Fig. 3B). 

We found that the levels of freezing upon re-exposure to the training context were significant 

lower in KX-treated mice as compared to saline-treated controls [F(2, 32) = 12.62, P < 

0.0001 by one-way ANOVA] (Fig. 3C). However, both control and KX-treated mice showed 

similar freezing behavior upon re-exposure to the tone during auditory-cued fear test [F(2, 

27) = 1.905, P = 0.1683 by one-way ANOVA] (Fig. 3D). These results indicate that 

exposure of neonatal mice to KX anesthesia resulted in impaired contextual fear learning in 

young adulthood, but had no effect on auditory-cued fear response.

3.4. Multiple exposures to high-dose ketamine impair contextual fear response.

To investigate the behavioral effect of ketamine and xylazine individually, we administered 

mice with ketamine (20 mg/kg) or xylazine (3 mg/kg) alone at P7, P9 and P11 (3-K and 3-X 

groups) (Fig. 4A). Although administration of KX, a mixture of ketamine (20 mg/kg) and 

xylazine (3 mg/kg), reliably induces general anesthesia and provides immobilization in 

neonatal mice for about 1 hour, administration of ketamine (20 mg/kg) or xylazine (3 mg/kg) 

alone does not immobilize the animals. When these mice were subjected to fear conditioning 

and testing at 1 month of age, we found that repeated exposure to either ketamine or 

xylazine had no significant effects on both contextual and cued fear response (Fig. 4B, C). 
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Repeated exposure to low-dose ketamine (20 mg/kg) had no effects on fear learning, but 

repeated exposure to a higher dosage of ketamine (40 mg/kg) resulted in impaired contextual 

fear response at 1 month of age (Fig. 4B). Similarly to KX anesthesia, multiple exposures to 

high-dose ketamine had no effects on the animals’ auditory-cued fear memory (Fig. 4C).

3.5. Persistent reduction of p-CaMKII after multiple exposures to KX anesthesia

CaMKII plays an important role in learning and memory (Coultrap and Bayer, 2012; Lisman 

et al., 2012). To determine whether mice with neonatal anesthetic exposure have abnormal 

levels of CaMKII in the brain, we examined protein levels of CaMKII using Western blot 

analysis (Fig. 5A). We found that repeated KX anesthesia had no significant effect on total 

amounts of CaMKII at synapses (Fig. 5B and C), but caused a significant decrease in the 

level of CaMKII phosphorylated at Thr286 (p-CaMKII) (active form) as compared to saline-

treated controls (0.65 ± 0.066 vs. 1 ± 0.128, P = 0.0002) (Fig. 5B and D). Repeated 

exposure to either ketamine or xylazine alone had no significant effects on both CaMKII and 

p-CaMKII (Fig. 5B-D). These results demonstrate that multiple exposures to KX anesthesia 

at the neonatal stage cause long-lasting reduction of CaMKII phosphorylation in the brain.

4. Discussion

Neonatal mice with multiple exposures to KX anesthesia had deficits in novel object 

recognition, sociability and social novelty, and contextual fear response at age one month, 

but no deficits for auditory-cued fear response. Our results suggest that some cognitive 

processes are more vulnerable to disruption by KX anesthesia than others. Learning deficits 

(except for contextual fear) were dependent of frequency of exposure, and were noted after 

multiple doses, but not single dose of KX anesthesia. The observed behavioral changes 

correlate with alterations in synaptic structural and functional plasticity as detected in 

previous in vivo imaging studies, which also occurred only with multiple exposures (Huang 

et al., 2016; Huang and Yang, 2015). Similar selective cognitive impairment has also been 

shown in mice exposed to volatile anesthetics. For example, isoflurane exposure in neonatal 

mice caused deficits in contextual, spatial, and social recognition tasks but not in novel 

object recognition (Lee et al., 2014; Satomoto et al., 2009). Further characterization to 

identify specific cognitive process vulnerable to disturbance by anesthetic agents may prove 

useful to focus neurocognitive testing to identify subtle behavioral changes.

In conjunction with deficits in social behavior and learning, we observed that multiple 

exposures to KX anesthesia resulted in decreased phosphorylation levels of CaMKII. There 

were no changes in the abundance of CaMKII in the synapses. CaMKII is a key mediator of 

long-term potentiation and learning, and is a major component of postsynaptic dendritic 

spines (Lee et al., 2009). Dendritic spine plasticity is thought to play an integral role in 

learning and memory formation (Bailey and Kandel, 1993; Bhatt et al., 2009; Lai et al., 

2012; Yang et al., 2009). Decreased CaMKII phosphorylation, together with decreases in 

other synaptic proteins such as glutamate NMDA and AMPA receptor subunits after 

repeated KX anesthesia (Huang et al., 2016), could account for the abnormal dendritic spine 

development observed in previous studies (Huang et al., 2016; Huang and Yang, 2015), and 
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contribute to learning deficits. Of note, CaMKII is translocated to synapses by NMDA 

receptor binding (Shen and Meyer, 1999), which is the pharmacological target of ketamine.

KX anesthesia was administered at P7, P9, and P11, corresponding to neonatal development. 

Mice are less developmentally mature at birth, and P7 is thought to represent a similar stage 

of neurodevelopment to human newborn (Deng et al., 2014). We chose this time point 

because animal models for ketamine exposure have shown abnormalities in development 

including neural apoptosis with exposure before 2–3 weeks of age (Liu et al., 2011; Paule et 

al., 2011; Slikker et al., 2007; Young et al., 2005). Exposure at this time period is of interest 

to both pediatric and obstetrical anesthesia. Ketamine is sometimes used in obstetric 

anesthesia during cesarean section, and is known to cross the placental barrier (Ellingson et 

al., 1977). Our study did not observe obvious learning and social deficits in mice with a 

single anesthetic exposure, as would typically be the case for a child delivered by cesarean 

section. Further studies in mice before P7 may also be useful to investigate the effects of 

similar anesthetics on fetal development.

Our study observed decreased performance on cognitive tasks when xylazine was 

administered with ketamine compared with ketamine alone. Although xylazine is used only 

as a veterinary anesthetic, it functions as an alpha-2 agonist similar to dexmedetomidine, 

which is commonly used in humans. Dexmedetomidine has been increasingly used in 

children as an anesthetic agent, and for the prevention of emergence delirium (Ibacache et 

al., 2004). Therefore, it is plausible that combination of ketamine and an alpha-2 agonist 

may be used clinically. Of note, studies in rats have shown both in vivo and in vitro that 

dexmedetomidine decreased cortical apoptosis from prolonged exposure to isoflurane 

(Sanders et al., 2010). Further study is warranted to study the effect of alpha-2 agonists on 

cognitive performance in combination with other anesthetics.

The use of a mouse model to study anesthetic neurotoxicity has both advantages and 

limitations. The use of an animal model allows for control of environment, removing many 

of the confounding variables that are difficult to control in human studies. In both children 

and mice, an enriched home environment also influences cognitive development (Huang and 

Yang, 2015; Shih et al., 2012). A limitation of our study is that mice are less sensitive to 

ketamine than humans, such that xylazine is also administered to induce general anesthesia. 

Ketamine alone at 20 mg/kg for three doses was not sufficient to induce the behavioral 

changes, but we did see impairment in contextual fear learning with ketamine 40 mg/kg for 

three doses. Recent literature are consistent with our findings, as neonatal exposure across 

several animal models is associated with learning deficits (Huang et al., 2012; Paule et al., 

2011) and neuronal apoptosis (Ikonomidou et al., 1999; Soriano et al., 2010). Similarly, 

there is some evidence that children with multiple exposures to ketamine may show 

abnormalities in later neurocognitive testing (Harris et al., 2003; Sprung et al., 2012; Wilder 

et al., 2009).

Our study provides further evidence that multiple neonatal exposures to KX anesthesia or 

high-dose ketamine can lead to abnormal neurocognitive development in mice. Behavioral 

changes were observed only in mice with multiple anesthetic exposures in the neonatal 

period, and occurred in conjunction with abnormally low levels of phosphorylated CaMKII, 
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a key mediator for learning and memory. While it is reassuring that a single exposure to KX 

anesthesia in the neonatal period did not result in significant abnormalities in most 

behavioral tests, our findings suggest that multiple anesthetic doses in the neonatal period 

may have long-lasting behavioral effects.
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Highlights

• Single dose of ketamine-xylazine anesthesia has no obvious behavior effects 

in mice.

• Multiple doses of neonatal anesthesia impair learning and social behavior.

• Multiple doses of neonatal anesthesia reduce the phosphorylation level of 

CaMKII.
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Fig. 1. 
Multiple, but not single, exposures to KX anesthesia at neonatal age result in impaired novel 

object recognition. (A) Experimental design. Animals received one or three injections of KX 

[ketamine (20 mg/kg) and xylazine (3 mg/kg)] at P7–11, and were tested for novel object 

recognition (NOR) at 1 month of age. (B) Diagram for NOR training and testing. (C) The 

amount of time that the animals spent exploring each object on day 2. Control: t(9) = 5.610, 

P = 0.0003; 1-KX: t(9) = 6.790, P < 0.0001; 3-KX: t(9) = 0.6827, P = 0.512, paired t test. n 
= 10 mice for each group. (D) Analysis of novel object preference on day 2. Preference to 

novel object was significantly reduced in 3-KX group as compared to control. F(2, 27) = 

47.25, P < 0.0001 by one-way ANOVA. P = 0.8577 for 1-KX vs. control, P < 0.0001 for 3-

KX vs. control, Tukey’s post hoc test. Data are presented as means ± SEM. ***P < 0.001, 

****P < 0.0001, n.s., not significant.
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Fig. 2. 
Multiple, but not single, exposures to KX anesthesia at neonatal age result in impaired social 

behavior in adulthood. (A) Timeline for neonatal anesthetic exposure and social behavior 

tests in young adulthood. (B) Diagram of three-chambered sociability test. (C) The amount 

of time that the test mice spent exploring empty chamber and an unfamiliar mouse. Control: 

t(9) = 8.811, P < 0.0001; 1-KX: t(9) = 12.34, P < 0.0001; 3-KX: t(9) = 5.545, P = 0.0004, 

paired t test. n = 10 mice for each group. (D) Sociability was expressed the percentage of 

time that the test mouse spent in the side with an unfamiliar mouse (stranger 1) relative to 

the total time spent in both sides. Sociability was significantly reduced in 3-KX, but not 1-

KX group, as compared to control. F(2, 27) = 20.07, P < 0.0001 by one-way ANOVA. P = 

0.99 for 1-KX vs. control, P < 0.0001 for 3-KX vs. control, Tukey’s post hoc test. (E) 

Preference for social novelty test was conducted immediately after sociability test. (F) The 

amount of time that the test mouse spent exploring each stranger. Control: t(9) = 8.899, P < 

0.0001; 1-KX: t(9) = 5.279, P = 0.0005; 3-KX: t(9) = 0.7485, P = 0.4733, paired t test. n = 

10 mice for each group. (G) Social preference was expressed the percentage of time that the 

test mouse spent with the unfamiliar mouse (stranger 2) relative to the total time spent with 

both sides. Social preference was significantly reduced in 3-KX, but not 1-KX group, as 

compared to control. F(2, 27) =15.95, P < 0.0001 by one-way ANOVA. P = 0.9646 for 1-KX 

vs. control, P < 0.0001 for 3-KX vs. control, Tukey’s post hoc test. Data are presented as 

means ± SEM. ***P < 0.001, ****P < 0.0001, n.s., not significant.
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Fig. 3. 
Exposure to KX anesthesia at neonatal age impairs contextual, but not auditory-cued fear 

memory. (A) Timeline for anesthetic exposure and fear conditioning test. (B) Diagram for 

contextual and auditory-cued fear conditiong and test. (C) Contextual fear response in mice 

with various treatment (n = 13 mice for control group, n = 8 mice for 1-KX group, n = 14 

mice for 3-KX group). F(2, 32) = 12.62, P < 0.0001 by one-way ANOVA. P = 0.0392 for 1-

KX vs. control, P < 0.0001 for 3-KX vs. control, Tukey’s post hoc test. (D) Auditory-cued 

fear response in mice with various treatment (n = 13 mice for control group, n = 8 mice for 

1-KX group, n = 9 mice for 3-KX group). F(2, 27) = 1.905, P = 0.1683 by one-way 

ANOVA. Data are presented as means ± SEM. *P < 0.05, ****P < 0.0001.
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Fig. 4. 
Multiple exposures to high-dose ketamine result in contextual fear learning deficits. (A) 

Experimental design. Fear conditioning and testing were conducted in 1-month-old mice 

that have received vaious treatments at P7–11. (B) Contextual fear response in mice with 

various treatment. 3-K vs. Control: t(16) = 0.2535, P = 0.8031; 3-X vs. Control: t(17) = 

0.3303, P = 0.7452; 3-KX vs. Control: t(25) = 4.759, P < 0.0001; 3-K (40 mg/kg) vs. 

Control: t(19) = 2.382, P = 0.0278; unpaired t test. (C) Auditory-cued fear response in mice 

with various treatment. 3-K vs. Control: t(16) = 0.2216, P = 0.8274; 3-X vs. Control: t(17)= 

0.9536, P = 0.3536; 3-KX vs. Control: t(20) = 0.04205, P = 0.9669; 3-K (40 mg/kg) vs. 

Control: t(17)= 0.1164, P = 0.9087; unpaired t test. Data are presented as means ± SEM. *P 
< 0.05, ****P < 0.0001, n.s., not significant.
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Fig. 5. 
Multiple exposures to KX anesthesia at neonatal age result in impaired CaMKII signaling. 

(A) Timeline for antiesthetic exposure and Western blot analysis. (B) Synaptosome fractions 

were generated from the brains of 1-month-old mice, and probed with antibodies for 

CaMKII and p-CaMKII by Western blot. (C) Densitometric quantification of Western blots 

(n = 5 mice per group). The amount of total CaMKII is comparable between control and 

anesthetic groups. 3-KX vs. Control: t(8) = 0.1944, P = 0.8507; 3-K vs. Control: t(8) 

=0.3920, P =0.7053; 3-X vs. Control: t(8) =0.1649, P =0.8731; unpaired t test. (D) 

Phosphorylation levels of CaMKII were significantly decreased in mice with repeated 

exposure to KX anesthesia. 3-KX vs. Control: t(8) = 6.296, P = 0.0002, 3-K vs. Control: t(8) 

=1.429, P =0.1910; 3-X vs. Control: t(8) =0.2479, P =0.8105; unpaired t test. Data are 

presented as means ± SEM. ***P < 0.001.
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