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Abstract

Background—Recent studies in rodents suggest that repeated and prolonged anesthetic
exposure at early stages of development leads to cognitive and behavioral impairments later in
life. However, the underlying mechanism remains unknown. In this study, we tested whether
exposure to general anesthesia during early development will disrupt the maturation of synaptic
circuits and compromise learning-related synaptic plasticity later in life.

Methods—Mice received ketamine/xylazine (20/3 mg/kg) anesthesia for one or three times,
starting at either early [postnatal day 14 (P14)] or late (P21) stages of development (n=105).
Control mice received saline injections (n=34). At P30, mice were subjected to rotarod motor
training and fear conditioning. Motor learning-induced synaptic remodeling was examined in vivo
by repeatedly imaging fluorescently-labeled postsynaptic dendritic spines in the primary motor
cortex before and after training using two-photon microscopy.

Results—Three exposures to ketamine/xylazine anesthesia between P14-18 impair the animals’
motor learning and learning-dependent dendritic spine plasticity [new spine formation, 8.4 + 1.3%
(mean £ SD) versus 13.4 + 1.8%, P = 0.002] without affecting fear memory and cell apoptosis.
One exposure at P14 or three exposures between P21-25 has no effects on the animals’ motor
learning or spine plasticity. Finally, enriched motor experience ameliorates anesthesia-induced
motor learning impairment and synaptic deficits.

Conclusion—Our study demonstrates that repeated exposures to ketamine/xylazine during early
development impair motor learning and learning-dependent dendritic spine plasticity later in life.
The reduction in synaptic structural plasticity may underlie anesthesia-induced behavioral
impairment.

Introduction

In recent years, there has been a growing concern about the safety of anesthetics on the
developing brain. Emerging clinical evidence suggests that receiving multiple anesthetic
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exposures early in life may be a significant risk factor for the children to develop learning
disabilities, attention-deficit and hyperactivity disorders.1~# In line with these findings,
animal studies have shown that early exposure to clinically used general anesthetics causes
long-term learning and cognitive impairment in rodents and non-human primates.>-14

It has been shown that prolonged exposure to general anesthetics during the first postnatal
week leads to neuronal apoptosis in rodents.>~11.15 |n rhesus monkeys, exposure to ketamine
at postnatal days (P) 5-6, also causes significant neuronal cell death.16:17 These studies
suggest that anesthesia-induced neuronal apoptosis in the developing brain could be an
important contributing factor to behavioral and cognitive impairment later in life. However,
because anesthesia-induced neuronal apoptosis seems to be restricted to neonatal stages of
the development (before P10),18 it remains unclear whether anesthesia, when administered
beyond the window of vulnerability to apoptosis (after P10), can also result in behavioral
impairments through mechanisms unrelated to cell death.

Many lines of evidence indicate that experience-induced synaptic plasticity is important for
learning and memory formation.1%-21 It has been shown that motor skill learning and fear
extinction induce rapid formation of dendritic spines, the postsynaptic sites of excitatory
synapses, in the motor and frontal associative cortices, respectively.22-26 Furthermore, the
degree of persistent new spines induced by learning strongly correlates with the performance
improvement after training.22-2426 These findings raise the possibility that learning-
dependent synaptic plasticity may be impaired in mice receiving multiple anesthesia early
during development and that such deficits may underlie behavioral and cognitive deficits
later in life.

To test this hypothesis, we examined synaptic structural plasticity during motor skill
learning in the young adult mice with or without anesthesia during different stages of
development. This was achieved by longitudinally following the same dendritic segments in
the motor cortex of living mice with a transcranial two-photon imaging technique.2”
Ketamine is a widely used agent for pediatric procedural sedation. In rodent models,
ketamine/xylazine (KX) combination is the most widely used anesthetics and is therefore
chosen to induce anesthesia in this study. Our results show that three KX (20/3 mg/kg)
exposures at early (P14-18) but not late stages (P21-25) of brain development impair the
animals’ motor learning ability later in life without inducing neuronal apoptosis. Motor
learning-associated dendritic spine remodeling is significantly reduced in young adult mice
after repeated exposure to KX anesthesia at P14-18. In addition, we found that enriched
motor experience following exposure to KX anesthesia enhances motor learning-induced
spine remodeling and improves animals’ behavioral performance later in life.

Materials and Methods

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). Mice expressing yellow fluorescent
protein (YFP) in layer 5 pyramidal neurons (Thy1l-YFP H-line) were purchased from the
Jackson Laboratory (Bar Harbor, ME) and group-housed in the Skirball animal facilities. A
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total of 143 mice were randomly assigned to different treatment groups as listed in table 1.
Both male and female mice were used and no mice were lost to attrition during the
experiment. The group size was determined based on our previous studies using the same
methodology.22:28 There were two single-exposure groups and two multiple-exposure
groups. The single-exposure groups received one intraperitoneal injection of KX (20/3
mg/kg) either on P14 or on P21. The multiple-exposure groups received one injection of KX
(20/3 mg/kg) every 2 days for a total of 3 injections, which took place either on P14, 16 and
18 or on P21, 23 and 25. Control group received saline injections. We found that one
injection of KX (20/3 mg/kg) produces a light surgical level of anesthesia. About 20% of
our mice showed reaction to physical stimulation 30 min after injection and 80% of mice
showed voluntary movement within 1 h. During anesthesia, a heating pad was used to
maintain the animal’s body temperature at approximately 37°C. In a separate group of
animals, blood gas analysis was performed with handheld i-STAT system (Abbott Point of
Care, Princeton, NJ). In agreement with our previous observations,28 we confirmed that 1 h
of KX anesthesia didn’t induce significant alteration in blood gas values including pH and
partial pressure of oxygen and carbon dioxide. In addition, a group of P7 mice were exposed
to a higher dose of KX (40/4 mg/kg) for 6 h, and used as positive controls for assessment of
apoptosis by immunohistochemistry.

Rotarod training

Animals were subjected to rotarod training for 2 days using a protocol described
previously.22 An EZRod system with a test chamber (Omnitech Electronics, Columbus, OH)
was used to perform the rotarod training. After animals were placed on the motorized rod in
the chamber, the rotation speed of the rod increased gradually from 0 to 100 r. p. m. over the
course of 3 min. The time latency and rotation speed were recorded when the animal was
unable to keep up with the increasing speed and fell. Rotarod training/testing was performed
in one 30 min session (20 trials per session) per day. Performance was measured as the
average speed that the animals achieved during the 20 trials. Both control and experimental
groups were trained daily from P30 to 32 to assess motor skill acquisition, and further tested
on P37 to examine motor skill retention.

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 s. A mild foot shock (0.5-
mA) was administered during the last 2 s of the tone presentation and co-terminated with the
tone. A total of three trials were repeated with a 60-210 s 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 representation of the
context. Auditory-cued fear memory was tested by placing mice to a different chamber and
presenting the auditory cue. Fear memory was measured by the percent of time that the
animals spent on freezing duirng the tone presentation.
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Immunohistochemistry

Four groups of mice were used for immunohistochemistry studies (table 1). Mice were
anesthetized with KX (100/15 mg/kg) and immediately perfused with 20 ml phosphate
buffered saline (PBS). Brain tissue was removed and fixed for 1 h in 4% paraformaldehyde
at 4°C. Tissue was rinsed three times with PBS, embedded in 2% agarose, and sectioned at
100 pum with a vibratome. Sections were permeabilized in 1% Titron X-100 in PBS for 3 h
and blocked with 5% normal goat serum for 1 h. Sections were incubated overnight with
primary antibodies against cleaved Caspase 3 (1:200). Sections were then washed three
times with PBS/0.05% Tween-20, and then incubated with Alexa Fluor-conjugated goat
anti-rabbit 1gG secondary antibodies (1:500) in PBS for 2 h and again washed with washing
buffer. The nuclei were stained with 0.5 pg/ml 4’,6’-diamidino-2-phenylindole for 5 min.
Sections were washed as before and mounted for imaging. Confocal images were obtained
on a Biorad Radiance 2000 confocal microscope (Hercules, CA). Investigators were blinded
to experimental condition in the process of imaging and data analysis.

In vivo transcranial two-photon imaging and data analysis

The procedure for chronic imaging of neuronal structure in the living cortex has been
described in our previous work.27:28 Briefly, surgical anesthesia in P30 mice was achieved
using an intraperitoneal injection of KX (100/15 mg/kg). A midline scalp incision exposed
the skull and the area to be imaged was identified based on stereotaxic coordinates for the
primary motor cortex. The head was immobilized, and a cranial window was created by
thinning a circular area of the skull (~200 um in diameter) to approximately 20 pm in
thickness by using a high-speed drill and a microsurgical blade. Upon completion of the
skull thinning under a dissection microscope, the animal was placed under a multi-photon
microscope while still under anesthesia. Image stacks of dendritic segments within a depth
of 100 um from the pial surface were collected using a 60x objective (NA 1.1) immersed in
artificial cerebrospinal fluid. High-magnification (66.7 um x 66.7 um; 512 x 512 pixels;
0.75 um step) imaging was used to obtain images suitable for spine analysis. After imaging,
the scalp was sutured with 6-0 silk and the animal was returned to the home cage until the
next viewing.

Analysis of spine plasticity was performed using the ImageJ software as described
previously.22:29 Briefly, for each dendritic segment, filopodia were identified as long, thin
protrusions without enlarged heads and the remaining protrusions were classified as spines.
Images of the same dendritic segments identified from two views were compared. Spines
were considered stable if they were present in both views, eliminated if they were present in
the first view but not in the second view or newly formed if they were present in the second
view but not in the first view. The elimination and formation rates were measured as the
number of spines eliminated or formed in the second view divided by the number of spines
existing in the first view. Investigators were blinded to experimental condition when
performing data analysis.

Enriched Environment

A group of mice were housed in a special cage (36.5%20.7x14 cm) containing a running
wheel from P18 to P28, where they have ad libitum access to food, water and a freely
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rotating running wheel. The running wheel was used to enrich the animals’ living
environment and increase their voluntary exercise activity.

Statistical Analysis

Results

All data were presented as means + S.D. Group differences in behavioral performance,
immunohistochemistry, dendritic spine density and the percentage of filopodia were
determined using a one-way analysis of variance (ANOVA) followed by Neuman-Keuls
multiple comparison post hoc test. In analysis of spine head diameters, comparisons of the
means of each group were performed using a two-way ANOVA with repeated measures. A
two-tailed unpaired Student t-test was used to determine the difference between KX- and
saline-treated groups in the rates of dendritic spine formation and elimination. P < 0.05 was
considered statistically significant. Prism software (GraphPad 6.0, La Jolla, CA) was used to
analyze the data.

Multiple exposures to KX during P14-18 cause motor learning deficits in mice at P30

To investigate whether and when exposures to anesthesia during development cause learning
impairment in later life, we treated mice with ketamine/xylazine (KX) (20/3 mg/kg)
anesthesia for one or three times during the second or third week of postnatal life (fig. 1A)
(table 1). Control mice received saline injections. From P30 to P32, all groups of mice were
trained to run on a rotating rod. During this rotarod running task, the animals change their
gait pattern to maintain their balance on the accelerating rod.30 On the first training day
(P30), both saline- and KX-injected mice showed similar running performance [F (4, 45) =
0.629, P = 0.644, one-way ANOVA] (fig. 1B) and task participation [F (4, 45) = 0.654, P =
0.627, one-way ANOVA] (fig. 1C), suggesting that exposure to KX during early
developmental stages has no significant effects on the animals’ basic motor function. After
2-day training, all mice improved their performance on the task at P32. One injection of KX
on P14 or P21, or three injections of KX during P21-25 had no significant effect on the
animals’ performance improvement after motor training as compared to saline-injected
control mice (P = 0.690) (fig. 1D). Notably, we found that mice receiving three injections of
KX during P14-18 showed significant reduction in performance improvement as compared
to the control (P < 0.0001) (fig. 1D). When the mice were retested with the same task 5 days
later (P37), the performance of mice exposed to KX at P14-18 remained significantly lower
than saline controls (P < 0.0001) (fig. 1E). Together, these findings suggest that multiple
exposures to KX during the early postnatal development lead to motor learning deficits later
in life.

To determine if multiple exposures to KX anesthesia affect behaviors other than motor
learning, we performed contextual and auditory-cued fear conditioning tests (fig. 1F). We
found that mice with three injections of KX at either P14-18 or P21-25 had similar freezing
response as compared to control mice that received saline injections [Contextual fear: F (2,
27) =0.702, P = 0.504; Auditory-cued fear: F (2, 27) = 0.874, P = 0.429, one-way ANOVA]
(fig. 1G and H), indicating that neural circuits involved in fear learning may be resistant to
the disruption caused by anesthesia at early stages. Taken together, these results indicate that
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KX anesthesia has long-lasting adverse effects on the animals’ behavioral performance on
selected tasks, and the effects are age- and exposure frequency-dependent.

of cell apoptosis after multiple exposures to KX starting at P14 or P21

Previous studies have shown a significant increase in cell apoptosis after prolonged
exposure to anesthesia during the first week of postnatal development.>-11:15 To test
whether cell apoptosis might contribute to anesthesia-induced motor learning deficits, we
examined whether the anesthesia regimen used in the present study might cause cell death in
P14 and older mice. Cell apoptosis was assessed by the immunostaining of cleaved
Caspase-3 on the day when mice received the last injection of KX (fig. 2A). We found that
three injections of KX at either P14-18 or P21-25 had no significant effect on cell apoptosis
(P =0.334, one-way ANOVA) (fig. 2B). As a positive control for detecting anesthesia-
induced cell death, we also performed a 6-h-long anesthesia in P7 mice using a higher dose
of KX (40/4 mg/kg) (fig. 2A). Consistent with previous observations,3 this anesthesia
condition increased cell apoptosis (P < 0.0001, one-way ANOVA followed by Neuman-
Keuls post hoc test) (fig. 2B). These data indicate that repetitive exposures to low-dose KX
have no significant effects on neuronal death in P14 and older mice.

Multiple exposures to KX have no effects on dendritic spine density and size in adulthood

Previous study from fixed brain preparations has shown that ketamine anesthesia causes
rapid and significant changes in dendritic spine density and size in various brain regions
during early postnatal development.32 To determine whether repeated exposure to KX
anesthesia may have long-lasting effects on dendritic spine development, we measured the
density and size of dendritic spines in P30 mice that received three injections of KX during
either P14-18 or P21-25 (fig. 3). Transgenic mice expressing cytoplasmic YFP in a
subpopulation of layer 5 pyramidal neurons were used in this study33 (fig. 3A). At P30,
dendritic spine density on apical tuft dendrites was 0.58 + 0.15 um™1 (500 spines, 5 mice)
and 0.57 +0.13 um~1 (500 spines, 5 mice), respectively, in the primary motor cortex of mice
that received three injections of KX at P14-18 or P21-25. There was no significant
difference in spine density between KX- and saline-treated mice (0.55 #+ 0.08 spines pm™,
500 spines, 5 mice; P = 0.956, one-way ANOVA) (fig. 3B). In addition, analysis of spine
head diameters revealed no significant difference between KX-treated mice and the control
(P >0.9999, two-way ANOVA with repeated measures) (fig. 3C). The percentage of
dendritic filopodia, the precursors of dendritic spines, was also not different among all
groups (P = 0.879, one-way ANOVA) (fig. 3D). These results indicate that repeated
exposure to low-dose KX after P14 does not lead to significant alterations in the density and
size of synaptic connections later in life.

Multiple exposures to KX after P14 have no effects on baseline dynamics of dendritic
spines at P30

Next, we asked whether baseline dynamics of dendritic spines were altered in mice that
received three exposures to KX anesthesia and housed under the standard laboratory housing
condition. We repeatedly imaged apical dendritic branches and followed the formation and
elimination of dendritic spines in the primary motor cortex using transcranial two-photon
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microscopy (fig. 4A-B). Consistent with previous studies,?2:24 we found that a small
percentage of dendritic spines were formed and eliminated over 2 days in 1-month-old mice
(fig. 4C-D). From P30 to P32, 5.7 + 0.7% dendritic spines were formed and 6.4 + 0.5% were
eliminated in control mice (768 spines, n = 5 mice). In mice that received 3 injections of KX
at P14-18 or P21-25, spine turnover over 2 days in the motor cortex was comparable to that
in saline-treated controls (P = 0.632 and P = 0.248) (fig. 4C-D). Spine formation and
elimination rates over 2 days were 6.3 = 0.3% and 7.0 + 0.4%, respectively, in mice injected
with KX during P14-18 (617 spines, n = 4 mice), and 6.0 £ 1.4% and 7.1 + 0.9% in mice
injected during P21-25 (775 spines, n = 5 mice). These results indicate that the baseline
dynamics of dendritic spines are not altered after repeated exposure to KX anesthesia.

Motor learning-induced spine formation is reduced in mice receiving multiple exposures of
KX at P14-18

Previous studies indicate that motor skill learning induces rapid formation of new dendritic
spines.22-25 Moreover, the extent of dendritic spine remodeling strongly correlates with
behavioral improvement after learning, suggesting that the remodeling of synaptic
connections has an important role in learning and memory formation.2224 Because multiple
exposures to KX anesthesia during early development results in motor learning deficits later
in life (fig. 1), it is possible that learning-dependent remodeling of synaptic connections is
reduced in animals that have been exposed to general anesthetics during early development.

To test this hypothesis, we examined motor learning-dependent spine remodeling in P30
mice that have received three KX injections at either P14-18 or P21-25 (fig. 4). All mice
were trained on the rotarod for 2 days starting at P30. Dendritic spines in the primary motor
cortex were imaged before and after rotarod learning to determine learning-induced spine
formation and elimination in different groups (fig. 4A). Consistent with our previous
findings,22:2% we found that in saline-injected control mice, rotarod training over two days
significantly increased the formation of new spines in the motor cortex (13.4 + 1.8%; 687
spines, 5 mice; P = 0.0003; Student t-test) (fig. 4B—C). Motor training also induced
significant increases in spine formation in KX-injected mice as compared to mice with no
training (P = 0.02 for P14-18 injection group; P = 0.001 for P21-25 injection group) (fig.
4C). However, the degree of learning-induced spine formation was significantly lower in
mice with three KX injections at P14-18 (8.4 + 1.3%; 760 spines, 5 mice) as compared to
that in control mice (P = 0.002) (fig. 4C). Because 2-day training had no significant effects
on dendritic spine elimination in both saline and KX-injected mice (P = 0.965) (fig. 4D),
motor learning-induced increase in total spine number was reduced in mice that received KX
injections at P14-18 as compared to saline controls (P = 0.007) (fig. 4E). Taken together,
these results indicate that motor learning-induced spine remodeling is compromised in
young adult mice that have received repetitive KX anesthesia during early developmental
stages.

Enriched motor experience attenuates KX anesthesia-induced deficits in motor learning
and learning-dependent spine remodeling

Previous studies have shown that enriched environment (EE) can accelerate synapse
development and promote dendritic spine plasticity in the cortex.22:34 To test whether EE is
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beneficial for learning-induced spine remodeling and motor performance in mice following
anesthetic exposure, we placed mice in a special cage where they have access to a freely
rotating wheel for ten days (from P18 to P28). Specifically, we asked whether wheel-
running activity in early postnatal life can enhance both learning-induced spine remodeling
and rotarod performance in KX-treated mice to the levels comparable to those in saline-
treated controls.

After receiving three injections of KX from P14 to P18, mice were housed in the cage where
mice could run on a rotating wheel voluntarily over 10 days. We then tested their
performance on the rotarod task from P30 to P32 (fig. 5A). As shown in fig. 5B, all groups
of mice showed similar rotarod performance on the first day of training [F (2, 27) = 0.082, P
=0.921, one-way ANOVA]. After 2-day training, the rotarod performance in mice with
wheel-running activity after KX injections was comparable to that in saline-treated controls
(P =0.784, one-way ANOVA) and significantly better than mice with KX treatments alone
(P < 0.0001, one-way ANOVA followed by Neuman-Keuls post hoc test) (fig. 5B).
Furthermore, we found that wheel running significantly increased rotarod learning-induced
spine formation over 2 days in KX-injected mice (12.8 = 1.1%; 579 spines, 4 mice; P =
0.019) (fig. 5C). No significant difference in spine elimination (P = 0.503) (fig. 5D) and
total spine number (P = 0.478) (fig. 5E) was found between control mice and mice that were
housed in EE after early KX exposure. Thus, enriched motor experience effectively
increased both learning-induced spine remodeling and motor performance in mice with early
exposure to KX anesthesia.

Discussion

Recent studies in rodents and monkeys suggest that exposure to anesthesia during early
postnatal development results in learning and behavioral abnormalities later in life.
However, the mechanisms underlying anesthesia-induced learning impairments remain
unclear. In this study, we report that three exposures to KX (20/3 mg/kg) anesthesia in the
second week (P14-18), but not the third week (P21-25) of postnatal development, cause
motor learning deficit in mice. We find that cell apoptosis, dendritic spine density and size
are not altered in KX-exposed mice. However, motor training-induced formation of new
spines is significantly reduced. Enriched motor experience for 10 days following the initial
KX exposure rescues motor learning and synaptic deficits in adulthood. Together, our
results reveal that multiple exposures to anesthesia in developing brain can cause long-
lasting impairment of synaptic plasticity, which could be reversed with appropriate
behavioral intervention.

Ketamine is a dissociative anesthetic and primarily blocks N-methyl-d-aspartic acid
(NMDA)-receptors.3® In rodents, ketamine is frequently used together with the a.2-
adrenoreceptor agonist xylazine to enhance sedative effects and decrease the ketamine dose.
Notably, although a single exposure to KX anesthesia at P14 has no long-lasting effects on
the animals’ motor and fear learning, three rounds of KX anesthesia, which is spaced every
other day between P14-18, produce motor learning deficit in young adult mice. One or three
KX anesthesias during P21-25 have no significant effects on the animals’ behavioral
performance at one month of age. These results imply that anesthesia, when administered
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during early postnatal age for multiple times, have accumulative impacts on the developing
brain and lead to behavioral impairment later in the life. These results are consistent with a
recent study reporting that anesthesia with 3% sevoflurane for 2 h in P6 mice doesn’t induce
cognitive impairment, while anesthesia with 3% sevoflurane for 2 h daily for 3 days induce
cognitive impairment detected at one month of age.14

Previous studies have linked anesthesia-induced cell death to animals’ behavioral
impairment later in life.>~7 Several anesthetic agents that act as NMDA receptor antagonists
and/or y-aminobutyric acid type A receptor agonists can induce extensive neuronal apoptosis
in the developing brain in an age-dependent manner.5-7:15.16.18 The window of vulnerability
to the neurotoxicity of ketamine is restricted to late fetal and early postnatal ages (before
P10 in rodents).18 Consistent with these studies, our results show that exposure to KX
anesthesia after P14 has no significant effect on cell apoptosis. The fact that these mice
show motor learning impairment at P30 suggests that apoptotic cell death is unlikely the
major pathological event underlying anesthesia-induced cognitive impairment. Instead,
abnormal development and plasticity of synaptic connections may play an important role in
anesthesia-induced behavioral deficits.

Exposure to general anesthetics during the peak stage of synaptogenesis has been shown to
cause rapid and substantial alterations in the number of dendritic spines within hours,32:36-38
Five hours of anesthesia with midazolam, propofol or ketamine caused a substantial increase
(up to 2-fold) in the density of dendritic spines in the mouse somatosensory cortex and
hippocampus at P15 and P20.32 A substantial increase (~30-50%) in dendritic spine density
of layer five pyramidal cells was observed in rat medial prefrontal cortex within 2 h after
exposure to isoflurane, sevoflurane, desflurane or propofol at P15 or P20.36:38 |n the present
study, dendritic spine density was examined at P30, 1-2 weeks after initial exposure to
anesthesia at P14 or P21. We didn’t find significant changes in spine density or size in the
primary motor cortex of mice that received three injections of KX at either P14-18 or P21-
25 as compared to saline-treated controls. Furthermore, the percentage of dendritic
filopodia, the precursors of dendritic spines, is also comparable between mice with and
without early KX treatments. These observations indicate that multiple exposures to KX
anesthesia after P14 have no long-lasting effects on dendritic spine number and morphology
in mouse motor cortex. It has been shown that propofol anesthesia-induced modification in
dendritic spine density in the rat medial prefrontal cortex persists into adulthood.38
Therefore, the effect of anesthesia on spine density likely depends on the type of anesthetic
drugs and brain regions.

Consistent with previous studies, 222425 we found that in both saline- and KX-treated mice,
rotarod training over two days increases the rate of dendritic spine formation in the primary
motor cortex. However, the degree of learning-induced new spines was substantially lower
in mice with multiple sessions of KX anesthesia at P14-18. We also observed lower rates of
spine formation after training in mice that received KX anesthesias at P21-25, although the
difference is not significant. The reduction of learning-dependent spine dynamics in
adulthood indicates that multiple exposures to KX anesthesia during early development have
a long-lasting detrimental impact on neural circuits. Recent in vivo imaging studies have
shown that the acquisition of a new motor skill is accompanied by new spine formation in
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the primary motor cortex,2225 and the persistence of motor learning-induced new spines
correlates with the retention of the motor skill,22-24 The reduced synaptic plasticity in
response to rotarod motor learning might underlie the behavioral deficit in ketamine-treated
mice.

The mechanisms by which anesthesia impairs learning-dependent synaptic plasticity remain
to be determined. An important feature of the nervous system is that neuronal activity
profoundly affects patterns of neuronal connectivity during development. Ketamine
depresses neuronal activity and reduces calcium influx into neurons primarily through
blockade of NMDA receptors.3%-41 NMDA receptor mediated calcium influx is critical for
neuronal differentiation, migration and synaptogenesis.*2 Therefore, it is possible that
ketamine-induced NMDA receptor inactivation could significantly reduce activity-mediated
Ca?* influx into neurons, which in turn would affect synapse formation and plasticity.

It is well acknowledged that environmental stimulation has an important role in neural
circuit formation and function.3-46 Recent studies have shown that mice reared in the
enriched environment for the first two weeks of postnatal development show accelaterated
synapse maturation, including increased levels of NMDA and a-Amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors and glutamatergic synaptic transmission as
indicated by the increased amplitude of miniature and spontaneous excitatory postsynaptic
currents.34 It has been reported that EE alleviates sevoflurane anesthesia-induced
behaviorial deficits in fear conditioning and water maze tests.1447 We found that enriched
motor experience in early life can ameliorate KX anesthesia-induced decrease in dendritic
spine plasticity associated with motor learning in the motor cortex. With the recovery of
synaptic deficits in KX-treated mice, motor learning deficits are also rescued. Our finding
suggests that promoting synapse development after general anesthesia by EE is benefical in
preventing the long-lasting impact of general anesthetics on cortical function. It is important
to point out that the present study focused on the effects of EE on motor learning and motor
learning-dependent synaptic plasticity in the motor cortex after early KX exposure. In the
future, it will be of great interest to examine whether the effects of EE on synapse plasticity
could be generalized to other brain regions and for other types of anesthetics.

It is important to point out several limitations in this study. First, surgical procedure for in
vivo transcranial two-photon imaging may cause local inflammation and affect the dynamics
of dendritic spines under the cranial window. Although our previous study has shown that
carefully performed skull thinning does not activate microglia, the innate immune cells in
the brain,2”:48 precaution must be taken to avoid over thinning or cracking the skull during
the surgery. Second, we only examined the apoptosis and dendritic spine plasticity in the
primary motor cortex of KX-treated mice. In addition to the motor cortex, motor skill
learning requires multiple brain regions, including the cerebellum, thalamus, and basal
ganglia. Future studies on synaptic plasticity in these regions will be required to obtain a
more comprehensive understanding of the effects of anesthetics on neuronal circuit
development. Third, similar to most animal studies assessing the developmental toxicity of
anesthetic drugs, caution is warranted in evaluating the clinical relevance of our findings
with mouse models as the timeline of brain development is substantially different between
human and mouse. Finally, it is important to note that we didn’t investigate the effects of
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ketamine exposure alone in the present study because doses of ketamine as high as 40 mg/kg
are insufficient to produce anesthesia in young mice.3! To avoid neurotoxicity associated
with high dose of ketamine, we chose to use KX mixture (20/3 mg/kg) which reliably
induces anesthesia in young mice and provides immobilization for about 1 h. Because KX
combination is not used clinically, future studies are required to distinguish the contribution
of ketamine in KX anesthesia-induced synaptic and motor learning impairments.

In summary, we have found that repeated exposure to KX anesthesia during the period of
rapid synaptogenesis can cause behavioral deficits without triggering cell death. Following
early anesthetic exposure, cortical circuits are less responsive to the modulation by motor
learning experience in adulthood, suggesting that the reduction in learning-dependent
synaptic plasticity is an important cortical defect underlying anesthesia-induced cognitive
impairments. Finally, enriched experience in early life is benefical in mitigating the adverse
effects of KX anesthesia on brain function.
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Impaired motor skill learning in 1-month-old mice with three ketamine/xylazine (KX)
exposures at P14-18. (A) Experimental design. Animals received a single or three injections
of KX starting at P14 or P21, and were subjected to rotarod training at P30-32 and testing at
P37. (B-C) All groups of mice showed similar rotarod performance on the first training day.
(D) After 2-day training, mice with three injections of KX at P14-18 showed significant
lower performance than all other groups. (E) When retested on P37, mice with three
injections of KX at P14-18 continually showed reduced performance than saline controls.
(F) Animals received three injections of KX at P14-18 or P21-25, and were subjected to
fear conditioning tests at P30. (G-H) Exposures to KX at P14-18 or P21-25 had no effects
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on the animals’ contextual fear memory (G) and auditory-cued fear memory (H).
Comparison of means of each group was performed using a one-way ANOVA followed by
Neuman-Keuls multiple comparison post hoc test. Data are presented as means + S.D. ***P
<0.001.
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Fig. 2.
No cell death is detected in the motor cortex after three injections of ketamine/xylazine

(KX). (A) Cell apoptosis in the motor cortex was assessed by the immunostaining of cleaved
Caspase-3 on the day when the mice received the last injection of KX (20/3 mg/kg). Nucleic
acid was stained with 4/,6’-diamidino-2-phenylindole (DAPI). Saline injection was used as
control group. A 6-h-long anesthesia maintained by a higher dose of KX (40/4 mg/kg) in P7
mice was used as a positive control group. Three injections of KX at either P14-18 or P21-
25 had no significant effect on cell apoptosis. Scale bar, 100 um. (B) Quantification of
cleaved Caspase-3 positive cell number under various conditions. Comparison of means of
each group was performed using a one-way ANOVA followed by Neuman-Keuls multiple
comparison post hoc test. Data are presented as means * S.D.
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Fig. 3.

Nc? change in the density and size of dendritic spines in P30 mice after early ketamine/
xylazine (KX) injections. (A) In vivo transcranial two-photon imaging of dendritic branches
in the motor cortex of P30 mice. Scale bar, 5 um. (B) Density of dendritic spines on the
apical tuft dendrites of layer 5 pyramidal neurons from saline- and KX-injected mice. There
was no significant difference between saline- and KX-injected groups. Comparison of
means of each group was performed using a one-way ANOVA. (C) Frequency distribution
histogram of spine head diameter shows that the KX treatment had no significant effect on
spine head size. Comparison of means of each group was performed using a two-way
ANOVA with repeated measures. (D) Percentage of dendritic filopodia was similar in mice
with or without early KX injections. Comparison of means of each group was performed
using a one-way ANOVA. Data are presented as means + S.D.
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Fig. 4.

Regduction of motor learning-induced spine formation after multiple exposures to ketamine/
xylazine (KX) at P14-18. (A) Experimental design. (B) In vivo time-lapse imaging of the
same dendritic segments over 2 days (pre- and post-training) in the primary motor cortex of
1-month-old animals that received saline or KX injections at various ages. Filled and empty
arrowheads indicate dendritic spines that were formed and eliminated between the two
views. Asterisks indicate dendritic filopodia. Scale bar, 2 um. (C) Percentage of dendritic
spines formed over 2 days in saline- and KX-treated mice. All groups showed significant
increase in spine formation after rotarod training. Motor learning-induced increase in spine
formation was significantly lower in mice that received three injections of KX at P14-18 as
compared to saline-injected mice. (D) Percentage of spines eliminated over 2 days in saline-
and KX-treated mice. There was no significant difference between saline- and KX-treated
groups. (E) The total number of spines increased over 2-day motor training in all groups.
Motor learning earning-induced increase in total spine number was significantly reduced in
mice with three KX injections during P14-18 as compared with saline-injected mice.
Comparisons of means of KX-treated group relative to saline-treated group were carried out
using two-tailed unpaired Student t-tests. Data are presented as means + S.D. *P < 0.05. **P
<0.01. ***P < 0.001.
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Fig. 5.

Enriched motor experience ameliorates motor learning and synaptic deficits in mice
receiving multiple ketamine/xylazine (KX) exposures. (A) Experimental design. Mice
received three injections of KX during P14-18 and were then housed in enriched
environment (EE) where they had access to a freely rotating wheel for ten days. Motor
performance on the rotarod task was examined from P30 to P32. (B) Rotarod performance in
saline- and KX-treated mice. Rotarod performance was similar in all three groups in the first
training session at P30. After 2-day training, rotarod performance was significantly higher in
the KX group with voluntary running activity than without. Comparisons were performed
using a one-way ANOVA followed by Neuman-Keuls multiple comparison post hoc test.
(C) Percentage of newly formed dendritic spines from P30 to P32. EE following KX
exposure ameliorated anesthesia-induced deficits in spine formation after motor training.
Comparisons were carried out using a two-tailed unpaired Student t-test. (D) Percentage of
spines eliminated from P30 to P32. There was no significant difference in spine elimination
among all groups of animals. Comparisons were performed using a two-tailed unpaired
Student t-test. (E) Motor learning-induced increase in total spine number was comparable
between saline-injected control mice and mice housed in EE after early KX exposure.
Comparisons were carried out using a two-tailed unpaired Student t-test. Data are presented
as mean with 95% confidence intervals (Cl). *P < 0.05. **P < 0.01. ***P < 0.001.
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Groups Treatments before P30 (KX: 20/3 Number of micetreated Experiments (P30 except for
mg/kg) immunohistochemistry)

KX (P14) 1 KX injection on P14 10 (5 male, 5 female) Rotarod (n=10)

KX (P21) 1 KX injection on P21 10 (6 male, 4 female) Rotarod (n=10)

KX (P14,16,18)

KX (P21,23,25)

Control

KX (P14,16,18) +EE

Positive control for
cleaved Caspase-3
staining

3 KX injections between P14-P18

3 KX injections between P21-P25

Saline

3 KX injections between P14-P18;
EE from P18-P28

P7; 6-h anesthesia maintained by
40/4 mg/kg KX

33 (18 male, 15 female)

34 (18 male, 16 female)

34 (20 male, 14 female)

18 (7 male, 11 female)

4 (2 male, 2 female)

Rotarod (n=10)

Fear conditioning (n=10)
Immunohistochemistry (n=4)

In vivo imaging with no training (n=4)

In vivo imaging with rotarod training (n=5)
Rotarod (n=10)

Fear conditioning (n=10)
Immunohistochemistry (n=4)

In vivo imaging with no training (n=5)

In vivo imaging with rotarod training (n=5)
Rotarod (n=10)

Fear conditioning (n=10)
Immunohistochemistry (n=4)

In vivo imaging with no training (n=5)

In vivo imaging with rotarod training (n=5)
Rotarod (n=10)

In vivo imaging with no training (n=4)

In vivo imaging with rotarod training (n=4)

Immunohistochemistry (n=4)

EE = enriched environment; KX = ketamine/xylazine.
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