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Abstract In the current study, we sought to investigate

whether T-type Ca2? channels (TCCs) in the brain are

involved in generating post-anesthetic hyperexcitatory

behaviors (PAHBs). We found that younger rat pups

(postnatal days 9–11) had a higher incidence of PAHBs

and higher PAHB scores than older pups (postnatal days

16–18) during emergence from sevoflurane anesthesia. The

power spectrum of the theta oscillations (4 Hz–8 Hz) in the

prefrontal cortex was significantly enhanced in younger

pups when PAHBs occurred, while there were no signif-

icant changes in older pups. Both the power of theta

oscillations and the level of PAHBs were significantly

reduced by the administration of TCC inhibitors. More-

over, the sensitivity of TCCs in the medial dorsal thalamic

nucleus to sevoflurane was found to increase with age by

investigating the kinetic properties of TCCs in vitro. TCCs

were activated by potentiated GABAergic depolarization

with a sub-anesthetic dose of sevoflurane (1%). These data

suggest that (1) TCCs in the brain contribute to the

generation of PAHBs and the concomitant electroen-

cephalographic changes; (2) the stronger inhibitory effect

of sevoflurane contributes to the lack of PAHBs in older

rats; and (3) the contribution of TCCs to PAHBs is not

mediated by a direct effect of sevoflurane on TCCs.

Keywords Emergence agitation � Neonatal rat � General

anesthesia � Sevoflurane � T-type calcium channel � Theta

wave

Introduction

With the development of new anesthetic formulations and

techniques, general anesthesia has become widely available

in pediatric surgery. Sevoflurane is a popular volatile

anesthetic used in pediatric surgery because of its many

advantages including hemodynamic stability, sweet smell,

lack of respiratory irritation, and rapid onset of action [1].

However, a high risk of emergence agitation (EA) or

delirium induced by sevoflurane has been extensively

reported [2].

EA is a well-documented phenomenon in the immediate

postoperative period in humans, particularly in preschool-

age children [3]. This condition manifests as an uncon-

scious state accompanied by a series of hyperexcitatory

behaviors that often spontaneously resolve [4]. However,

EA can be urgent when children become uncontrollable

during emergence from general anesthesia, and may hurt

themselves by accident. EA unavoidably contributes to
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extension in hospital stay, and may place additional

burdens on both patients and medical staff [5]. Further-

more, EA may be associated with postoperative psycho-

logical problems in children, such as eating or sleeping

disorders, anxiety, apathy, and aggression [6]. Although

many adjunct agents (e.g., dexmedetomidine, remifentanil,

ketamine, and nalbuphine) have demonstrated some effec-

tiveness against EA [7–9], the underlying mechanism is not

yet clear.

In a previous study, we reported EA-like behaviors,

which we named post-anesthetic hyperexcitatory behaviors

(PAHBs), during emergence from sevoflurane anesthesia in

neonatal rats [10]. We developed a scale for evaluating

such behaviors and demonstrated that PAHBs present

features similar to EA in humans. We found that sevoflu-

rane-induced PAHBs are closely associated with GABAer-

gic (GABA, c-aminobutyric acid) depolarization/excitation

in the neocortical neurons of neonatal rats. However,

sevoflurane-potentiated depolarizing potentials cannot acti-

vate action potentials alone because of the limited reversal

potential of GABA. Nonetheless, these potentials are able

to elicit action potentials, presumably by evoking other

subthreshold events. Low-threshold Ca2? spikes, which are

mediated by the T-type Ca2? channel (TCC), result in a

neuron reaching the threshold for burst firing in the central

nervous system [11]. Therefore, we sought to investigate

whether TCCs are involved in generating PAHBs in

neonatal rats.

Materials and Methods

Animal Care

Pregnant Sprague-Dawley rats from the Key Laboratory of

Brain Functional Genomics affiliated with East China

Normal University (Shanghai, China) were housed in a

temperature-controlled (22�C–24�C) vivarium on a 12 h/12

h light-dark cycle. Male pups born of these rats were used.

The day of birth was defined as postnatal day 0 (P0). The

experimental procedures described below were in accor-

dance with the ARRIVE (Animals in Research: Reporting

In Vivo Experiments) guidelines and were approved by the

Animal Care and Use Committee of Fudan University in

Shanghai (201802130S). All possible efforts were made to

minimize the number of animals and their suffering.

PAHB Model and Assessment

Neonatal Sprague-Dawley rats were used in the behavioral

test and were divided into younger (P9–P11) and older

pups (P16–P18). PAHB modeling and scoring were the

same as we described in the previous study [10]. In brief,

anesthesia was induced in rat pups with 6% (v/v) sevoflu-

rane gas over 1 min and was then maintained with 3%

sevoflurane gas for 9 min. These gases were generated with

a calibrated sevoflurane and oxygen-fed commercial

vaporizer (Penlon, Abingdon, OX14, UK) and were

supplied to the anesthesia chamber at 3 L/min. PAHB

scores were based on behavioral type [0, none; 1,

trembling; 2, head bobbing or stereotypy; 3, unilateral

forelimb or hindlimb clonus; 4, bilateral forelimb or

hindlimb clonus; 5, side-to-side rolling; 6, wandering

(i.e., scrambling along the monitoring chamber walls)], and

a bonus score of 0, 0.5, or 1 was given on the basis of its

subgrade (0, mild; 0.5, moderate; 1, severe). The sum of

the main and bonus scores constituted the behavioral score.

We also introduced an open field system to evaluate

PAHBs. The observation apparatus consisted of four

plastic boxes (26 cm 9 26 cm) with a field bordered by

37-cm high sidewalls. Movement distance and movement

duration were monitored in each rat for 6 min and analyzed

using the Truscan system (Coulbourn, Holliston, MA).

Electroencephalogram (EEG) Recording

To determine the changes in cortical activity in the frontal

lobe during the peri-anesthesia period, rat pups were fitted

with instrumentation for EEG recording. A head rack and

recording electrodes were mounted on each pup under

sevoflurane anesthesia 6 h prior to EEG recording. The

entire surgical process took no more than 15 min. Each

pup’s head was fixed on a turntable with a respiratory mask

connected to the calibrated sevoflurane and oxygen-fed

commercial vaporizer (Penlon Sigma Elite). EEG record-

ing was generally composed of four stages that lasted 10

min each, acclimation, awakening (baseline recording),

anesthesia, and emergence. The EEG signals were ampli-

fied by a Model 3000 amplifier (A.M, Carlsborg, WA) and

digitized and sampled at 200-ls intervals (Digidata 1440,

pClamp 10.2; Molecular Devices, San Jose, CA). The

power values were calculated from power spectra gener-

ated using Fourier analysis in MatLab software (Math-

Works, Natick, MA).

Test of Drug Effects on PAHBs and EEGs

To investigate the potential roles of TCCs in generating

PAHBs, we examined the effects of the TCC inhibitors

NNC 55-0396 and ethosuximide on PAHBs and EEGs.

Intracerebroventricular microinjection (ICVM) of saline or

NNC 55-0396 (0.1 lg/kg body weight) was performed 5

min prior to sevoflurane anesthesia. For ICVM, a 26-gauge

cannula made of polyethylene tubing (PE-10: inner diam-

eter 0.28 mm and outer diameter 0.61 mm) was inserted

into the lateral cerebral ventricle (stereotaxic coordinates:
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0.4 mm lateral to the midline, 0.4 mm posterior to bregma,

and 2.5 mm ventral to the skull surface [12]) and secured to

the skull with surgical glue 24 h before the behavioral test

or EEG recording. Ethosuximide (0.2 g/kg body weight)

was administered intraperitoneally 5 min before sevoflu-

rane anesthesia.

Thalamic Slice Preparation

Animals were anesthetized with sodium pentobarbitone

(100 mg/kg body weight, i.p.), and the brain was quickly

removed and submerged in ice-cold artificial cerebrospinal

fluid (ACSF, in mmol/L: 124 NaCl, 1.3 MgSO4, 3 KCl,

1.25 NaH2PO4, 26 NaHCO3, 2.4 CaCl2, and 10 glucose).

After being chilled for 1–2 min, the brain was trimmed to a

block containing the thalamus. Then, coronal slices (400

lm) were cut in ice-cold ACSF using a vibro-slicer (Leica

VT1000, Buffalo Grove, IL). Slices containing the medial

dorsal thalamic nucleus (MDTN) were transferred to a gas

interface recording chamber perfused with aerated ACSF

(95% O2/5% CO2; 22�C–24�C) containing (in lmol/L) 30

bicuculline methiodide, 2 nimodipine, 3 x-conotoxin

MVIIC, and 0.5 tetrodotoxin to screen out TCC currents

[13]. To record GABAA receptor-mediated responses in

isolation, we included AP-5 [DL-2-amino-5-phospho-

nopentanoic acid, an NMDA (N–methyl-D-aspartate)

receptor antagonist, 100 lmol/L], DNQX (6,7-dinitro-

quinoxaline-2,3-dione, a non-NMDA receptor antagonist,

20 lmol/L), and CGP 54626 hydrochloride (a GABAB

receptor antagonist, 1 lmol/L) in the perfusion medium.

ACSF for recording was perfused by a peristaltic pump-

driven or gravity-fed bath-perfusion system at 0.5–1 mL/

min. Humidified 95% O2/5% CO2 was continuously blown

over the slices to further ensure the adequate oxygenation

of cells in the tissue.

Intracellular Recording

Voltage-clamp recordings were obtained from neurons in

MDTN slices equilibrated for 1 h–6 h in the recording

chamber. Whole-cell recordings (series resistance, 6 MX–

12 MX) of TCC currents were obtained with micropipettes

(tip diameter, 1.5 lm–2.0 lm; resistance, 4 MX–6 MX)

filled with an internal solution (pH 7.3) composed of (in

mmol/L) 140 K-gluconate, 10 HEPES, 2 MgCl2, 1 CaCl2,

11 EGTA, and 2 K2ATP, while the internal solution for

gramicidin (50 lg/mL)-perforated patch clamp recording

(series resistance, 30 MX–90 MX) was composed of (in

mmol/L) 143 K-gluconate, 2 KCl, 10 HEPES, and 0.5

EGTA, pH 7.2–7.3. GABAA receptor-mediated postsynap-

tic potentials were elicited by electrically stimulating a site

near the recorded cell with a custom-made, bipolar

tungsten electrode; constant current (0.1 mA–0.5 mA) or

voltage (5 V–20 V) pulses (biphasic square wave, 0.5-ms

duration) were used for stimulation. Voltage errors result-

ing from series resistance were compensated offline for

voltage-clamp recordings and online for current-clamp

recordings by using a bridge circuit. The signals from

neurons were amplified by an Axoclamp-700B amplifier

(Molecular Devices) (bandwidth filter set to 10 kHz for

current-clamp recordings and 1 kHz for voltage-clamp

recordings) and were digitized and sampled at 50-ls

intervals (Digidata 1440, pClamp 10.2; Molecular

Devices). Activation/inactivation kinetic curves were fitted

with the Boltzmann equation, where Imax is the maximum

current, V1/2 is the half-activation/inactivation potential,

and k is the steepness constant.

Drugs

All drugs used in this study were from Sigma-Aldrich (St.

Louis, MO), except for sevoflurane (Abbott, Queenbor-

ough, Kent, UK). For the direct application of sevoflurane

to recorded neurons, we prepared sevoflurane-containing

solutions by bubbling gas mixtures of sevoflurane and 95%

O2/5% CO2 generated by the calibrated commercial

vaporizer in ACSF for [30 min. The concentration of

sevoflurane in the ACSF bubbled with gas mixtures

containing 1% sevoflurane, as determined by gas chro-

matography, was 0.184 mmol/L, which was 92%–94% of

the theoretical concentration. The sevoflurane-containing

solutions with or without NNC 55-0396 (20 lmol/L) were

focally applied to recorded neurons by the ‘‘Y-tube’’

method. To minimize the loss of sevoflurane, we used

high-quality polytetrafluorethylene tubing and valves.

Statistical Analysis

Numerical data are expressed as the mean ± SEM.

Student’s t-test was used to compare two independent

datasets with normal distributions, while paired t-tests were

used to compare two dependent datasets with normal

distributions. Two-way analysis of variance (ANOVA) and

pairwise comparison with the Bonferroni method were

performed to compare multiple independent datasets. The

categorical data were compared using Fisher’s exact test.

P B 0.05 was considered significant.
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Results

Enhanced Spontaneous Movements in Younger

Pups During Emergence from Sevoflurane

Anesthesia

Coincident with our previous findings [10], younger (P9–

P11) pups had a high incidence of PAHBs (8 of 8 animals)

and high PAHB scores (6.1 ± 0.25), while older pups

(P16–P18) were placid during emergence from sevoflurane

anesthesia (Fig. 1A, B).

To obtain a more objective evaluation, we examined

PAHBs in the open-field test. According to the analysis of

the results for movement distance and movement duration

in the open field, we found that younger pups showed an

eruption of spontaneous movement in the second minute

after sevoflurane withdrawal. However, this phenomenon

did not occur in older pups (movement distance in the

second minute: P9–P11 vs P16–P18 = 0.2 ± 0.04 m vs 0.09

± 0.05 m, P = 0.003; movement duration in the second

minute: P9–P11 vs P16–P18 = 32.6 ± 4.53 s vs 9.8 ± 4.06

s, P B 0.001, n = 8, two-way ANOVA followed by

Bonferroni’s t-test, Fig. 1C, D).

Involvement of TCCs in Generating PAHBs

To investigate the contribution of TCCs to generating

PAHBs, we delivered NNC 55-0396, a selective TCC

inhibitor by ICVM [14]. We found that spontaneous

movements 1 min–3 min after sevoflurane withdrawal

were significantly inhibited (movement distance: Saline vs

NNC 55-0396 = 0.4 ± 0.05 m vs 0.1 ± 0.04 m, P B0.001;

movement duration: Saline vs NNC 55-0396 = 65.1 ± 4.50

s vs 25.0 ± 5.69 s, n = 6–7, P B 0.001, Student’s t-test,

Fig. 2A, B). Moreover, the PAHB score of the NNC

55-0396 group was much lower than that of the saline

group (Saline vs NNC 55-0396 = 6.1 ± 0.25 vs 4.2 ± 0.28,

n = 6 per group, P B 0.001, Student’s t-test, Fig. 2C). We

also found that PAHBs were controlled by the intraperi-

toneal administration of ethosuximide, an anti-absence

seizure drug that functions by blocking TCC currents [15]

(PAHB score: saline vs ethosuximide = 5.9 ± 0.30 vs 3.8 ±

0.66, n = 6 per group, P = 0.009, Student’s t-test, Fig. 2D).

These data indicated that TCCs in the brain are involved in

generating PAHBs.

Fig. 1 Enhanced spontaneous movements in younger pups during

emergence from sevoflurane anesthesia. A Incidence of post-anes-

thetic hyperexcitatory behaviors (PAHBs) in younger rat pups (P9–

P11) and older rat pups (P16–P18) (n = 8 per group). B PAHB scores

in younger and older pups. C, D Movement distance and movement

duration in younger and older pups after sevoflurane withdrawal in

the open field test (n = 8 per group; **P B 0.01, ***P B 0.001 vs

P16–P18, two-way ANOVA followed by Bonferroni’s t-test).
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Potentiated Theta Oscillations in EEG When Gen-

erating PAHBs

It has been demonstrated that TCCs allow for continuous

rhythmic bursts in the thalamus [16]. Synchronized burst-

ing from masses of neurons in the thalamus produces

abnormal theta oscillations that propagate to the neocortex

through thalamo-cortical efferents [17]. So, we further

recorded EEG during the peri-anesthesia period to deter-

mine whether abnormal activity occurs during PAHBs

(Fig. 3A, B).

One to three minutes after sevoflurane withdrawal (early

stage of emergence from anesthesia, ESEA), the period in

which PAHBs clustered, younger pups showed potentiated

long-term bursts in the frontal lobe, a specific EEG pattern

that rarely occurred under other conditions or in the older

pups (Fig. 3C). Spectral analysis showed that the power of

the theta oscillations was significantly higher in younger

pups during ESEA than during the awakening stage, while

there were no significant changes in the older pups

(Fig. 3D, E; Table 1). Moreover, there were no significant

changes in the other frequency bands in either group

(Fig. 3F; Table 1).

Next, we investigated whether blocking TCCs could

affect the abnormal EEG activity during ESEA. As

expected, the potentiated power of theta oscillations was

attenuated by both ICVM with NNC 55-0396 and the

intraperitoneal administration of ethosuximide [Saline vs

NNC 55-0396 = (4.0 ± 0.84) 9 10-10 V2/Hz vs (1.6 ±

0.28) 9 10-10 V2/Hz, n = 7–8, P = 0.009; saline vs

ethosuximide = (2.9 ± 0.54) 9 10-10 V2/Hz vs (1.0 ±

0.47) 9 10-10 V2/Hz, n = 6 per group, P = 0.027, Student’s

t-test, Fig. 3G, H]. These results suggested that potentiated

theta oscillations in the frontal lobe are relevant to PAHBs.

Effect of Sub-anesthetic Dose of Sevoflurane

on TCCs

According to our previous study, PAHBs can be contin-

ually induced by 1% sevoflurane administration [10]. Here,

we found that theta oscillations in young pups were also

potentiated during 1% sevoflurane administration (Ctrl vs

Sevo-1% = 1.0 ± 0.22 vs 1.6 ± 0.40, n = 6, P = 0.032,

paired t-test, Fig. 4A). Therefore, we investigated whether

a sub-anesthetic dose (1%) of sevoflurane activated TCCs

in younger rats. Because TCCs are expressed at high levels

in thalamic relay cells [18], we performed in vitro patch

clamp recording in the MDTN (Fig. 4B). Our results

showed that the relative amplitude of the maximum TCC

current in MDTN neurons was attenuated by 1% sevoflu-

rane in both groups (P9–P11: Ctrl vs Sevo-1% = 1.0 ± 0.14

vs 0.8 ± 0.14, n = 8, P B 0.001; P16–P18: Ctrl vs Sevo-1%

= 1.0 ± 0.07 vs 0.8 ± 0.05, n = 8, P B 0.001, paired t-test,

Fig. 4C, D).

Fig. 2 Involvement of T-type Ca2? channels in generating post-

anesthetic hyperexcitatory behaviors (PAHBs). A, B Effect of NNC

55-0396 on movement distance and movement duration during early

stage of emergence from anesthesia (ESEA) (n = 6-7; ***P\ 0.001

vs saline, Student’s t-test). C Effect of NNC 55-0396 on PAHB score

(n = 6 per group; ***P B 0.001 vs saline Student’s t-test). D Effect of

ethosuximide on PAHB score (n = 6 per group; **P B 0.01 vs saline,

Student’s t-test).
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To further investigate the kinetic properties of TCCs, we

fitted the activation/inactivation curves of the ion channels

and found that the activation curves were only slightly

right-shifted by 1% sevoflurane application in P9–P11 rats

(half activation potential: Ctrl vs Sevo-1% = 69.1 ± 1.01

mV vs 67.2 ± 0.99 mV, P = 0.039; half inactivation

potential: Ctrl vs Sevo-1% = 76.8 ± 1.38 mV vs 77.2 ±

1.16 mV, P = 0.76, paired t-test, Fig. 4E, F). Both

activation (right-shifted) and inactivation curves (left-

shifted) were clearly changed in P16–P18 rats, showing

that the kinetic properties of TCCs were significantly

inhibited by 1% sevoflurane (half activation potential: Ctrl

vs Sevo-1% = 71.0 ± 1.48 mV vs 67.5 ± 1.46 mV, P B

0.001; half inactivation potential: Ctrl vs Sevo-1% = 77.5

± 2.46 mV vs 79.4 ± 2.39 mV, P = 0.016, paired t-test,

Fig. 4G, H). In brief, the sensitivity of TCCs to sevoflurane

increased with age. In other words, the stronger inhibitory

effect of sevoflurane might contribute to the lack of PAHBs

in older rats.

Effect of Sub-anesthetic Dose of Sevoflurane

on Neuronal Activity in the MDTN

In the introduction, we hypothesized that GABAergic

depolarization might be able to elicit action potentials by

evoking TCC current. In order to test this possibility, we

examined the fast GABAergic postsynaptic potentials and

the effects of 1% sevoflurane on neuronal activity in the

MDTN using gramicidin-perforated patch clamp recording.

We found that 7 of 9 cells in younger pups were

depolarized in GABAergic potential, while this occurred

in only 1 of 10 cells in older pups (P = 0.005, Fisher’s exact

test, Fig. 5A, B). Moreover, burst firing was elicited in 9 of

12 MDTN neurons by 1% sevoflurane administration in

younger pups, while this firing was completely suppressed

(0 of 9 neurons) by NNC 55-0396 (P = 0.001, Fisher’s

exact test, Fig. 5C, D). These data indicate that the

contribution of TCCs to PAHB is not mediated by the

direct effect of sevoflurane on TCCs. Nonetheless, TCCs

contribute to neuronal excitability in the presence of a sub-

anesthetic concentration of sevoflurane.

Discussion

PAHBs were found in an animal model in our previous

work, and when we attempted to compare them to EA in

humans, we found that their incidence depends on the age

of the animal, type of anesthetic, and duration of anesthesia

[10]. These characteristics conform to the features of EA in

humans. To evaluate PAHBs, we initially developed a

scale that was a modified version of a scale used for

quantifying seizure behaviors [19]. Scale methods can

sometimes be influenced by subjectivity and can be scored

differently by different investigators. Therefore, we intro-

duced an open field system to evaluate the PAHBs beyond

the use of this score. We found that younger rats with a

high incidence of PAHBs showed an eruption of sponta-

neous movement in the second minute after sevoflurane

withdrawal. Concurrently, we recorded potentiated EEG

bursting patterns and enhanced theta oscillation power in

bFig. 3 Potentiated theta oscillations in the frontal lobe when

generating post-anesthetic hyperexcitatory behaviors (PAHBs).

A Sketch of EEG recording during the peri-anesthesia period.

B Schematic of the EEG recording process. Shaded bars indicate

periods of EEG analysis: Ctrl (black, baseline recording), Sevo (red,

recording under sevoflurane anesthesia), ESEA (green, recording at

the early stage of emergence from anesthesia), and LSEA (yellow,

recording at a later stage of emergence from anesthesia). C Samples

of EEGs from different groups and stages (scale bars; 0.2 mV and 5 s;

color coding as in B). D Power spectra of theta oscillations in

different groups and stages. E Fold-changes of power spectra of theta

oscillations (n = 8–10; *P B 0.05 vs Ctrl; ##P B 0.01 vs P16-P18,

two-way ANOVA followed by Bonferroni’s t-test). F Fold changes of

power spectra of delta, alpha, beta, and gamma oscillations. G Effect

of NNC 55-0396 on the power spectrum of theta oscillations at ESEA

(n = 7–8; **P B 0.01 vs saline, Student’s t-test). H Effect of

ethosuximide on the power spectrum of theta oscillations at ESEA (n

= 6 per group; *P B 0.05 vs saline, Student’s t-test).

Table 1 Relative power in different frequency bands in the waking state (Ctrl) and the early stage of emergence from anesthesia (ESEA).

Relative power spectrum Delta (0–4 Hz) Thetaa (4–8 Hz) Alpha (8–13 Hz) Beta (13–30 Hz) Gamma (30–80 Hz)

P9–P11 (n = 10) Ctrl 1.0 ± 0.30 1.0 ± 0.28 1.0 ± 0.29 1.0 ± 0.26 1.0 ± 0.23

ESEA 1.2 ± 0.40 2.0 ± 0.63 1.6 ± 0.72 1.1 ± 0.35 0.9 ± 0.14

P16–P18 (n = 8) Ctrl 1.0 ± 0.42 1.0 ± 0.20 1.0 ± 0.24 1.0 ± 0.28 1.0 ± 0.38

ESEA 1.6 ± 0.35 0.6 ± 0.16 1.2 ± 0.40 1.3 ± 0.38 1.1 ± 0.37

aP9–11: Ctrl vs ESEA, P = 0.022; P16–18: Ctrl vs ESEA, P = 0.446; ESEA: P9–11 vs P16–18, P = 0.004, two-way ANOVA followed by

Bonferroni’s t-test

123

F.-Y. Shen et al.: Emergence Excitement after Anesthesia 525



Fig. 4 Effect of sevoflurane on T-type Ca2? channel (TCC) currents.

A Fold-changes in power spectrum of theta oscillations with 1%

sevoflurane (Sevo-1%). A two-minute period of EEG was analyzed

before and after a 10-min Sevo-1% application (n = 6, *P B 0.05 vs

Ctrl, paired t-test). B Sketch of in vitro patch clamp recording in the

medial dorsal thalamic nucleus (MDTN). C Samples of evoked TCC

currents from MDTN neurons before (black) and after (gray) Sevo-

1% application. TCC currents were gradually inactivated by transient

depolarization from various holding potentials to -50 mV (scale bars,

100 pA and 100 ms). D Fold-changes in maximum TCC currents after

Sevo-1% application in different groups (n = 8 per group, **P B0.01

vs P9–P11, Student’s t-test; ***P B 0.001 vs Ctrl, paired t-test). E,

F Steady-state activation/inactivation of TCC currents recorded from

the MDTN in younger rat pups (P9–P11) (left panels, activation/

inactivation curves; right panels, half-activation/inactivation poten-

tials; n = 8 per group; *P B 0.05 vs Ctrl, paired t-test). G, H Steady-

state activation/inactivation of TCC currents recorded from the

MDTN in older rat pups (P16–P18) (n = 8 per group; *P B 0.05,

***P B 0.001 vs Ctrl, paired t-test).
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the same time window, indicating that sevoflurane-induced

abnormalities in EEG are related to PAHBs.

A clinical study reported increased frontal lobe cortical

functional connectivity in children with EA during emer-

gence from sevoflurane anesthesia [20]. The authors

suggested that internally and externally imposed stimuli

may result in increased network connectivity. Meanwhile,

a variety of EEG patterns occurred during the emergence

stage. Although they did not summarize specific EEG

patterns for EA in children, their results revealed that theta

activity was evident in 3 of the 4 cases.

EEG activity encompasses the synchronous signals of

thousands or millions of neurons from the same cortical

area. It has been well documented that sevoflurane causes

epileptiform EEG activity in both humans and rodents

[21, 22]. Thalamo-cortical dysrhythmia is a theoretical

framework that can be used to explain many neurological

disorders, including epilepsy [23]. Thalamo-cortical dys-

rhythmia is caused by an imbalance of synaptic inputs,

including GABAergic transmission, to thalamic nuclei.

Such conditions may create membrane hyperpolarization to

de-inactivate TCCs. Therefore, low-threshold Ca2? spikes

could be elicited via TCCs to drive thalamic neurons into a

low-frequency bursting mode [24].

Bursting is a common type of neuronal firing in the

MDTN [25]. Due to the low threshold, burst firing may

amplify sensory-signal transmission from the MDTN to the

neocortex to avoid signal attenuation [26]. The MDTN

makes reciprocal connections with cells in the prefrontal,

limbic, and motor cortices [27], such that a functional

imbalance within this neural circuit induced by general

anesthetics may lead to abnormal behaviors. Therefore,

according to our findings that blocking TCCs attenuated

PAHBs and the concomitant EEG changes, we speculated

that TCCs may contribute to the generation of PAHBs by

potentiating theta activity in the brain. Since TCC

inhibitors completely prevented the increased theta waves

but only partially prevented the PAHB behaviors after

sevoflurane anesthesia, we considered that theta activity

might only partially contribute to PAHBs, and other

mechanisms independent of the theta activity might

contribute.

However, some questions remain unanswered. Why do

such hyperexcitatory behaviors (EA or PAHBs) occur more

frequently in children or younger pups? Why do they occur

during emergence from general anesthesia?

It has been demonstrated that GABAergic action shifts

from depolarization/excitation to hyperpolarization/inhibi-

tion during the maturation of the central nervous system

[28]. In previous work, we showed that sevoflurane-

induced PAHBs are strongly associated with GABAergic

depolarization/excitation in the neocortical neurons of

neonatal rats [10]. However, the depolarizing GABAergic

postsynaptic potentials potentiated by sevoflurane in most

of these cortical neurons, as well as in neurons in the

MDTN (in 7 of 9 cells, EGABA = –60.3 ± 3.04 mV), were

Fig. 5 Effect of sevoflurane on neuronal activity in the medial dorsal

thalamic nucleus (MDTN). A Samples of evoked GABAergic

potentials from MDTN neurons (scale bars, 5 mV and 200 ms).

B Numbers of GABAergic depolarization in MDTN neurons (P9–11:

n = 7 of 9 neurons; P16–18: n = 1 of 10 neurons, **P B 0.01, Fisher’s

exact test). C Samples of success or failure to evoke burst firing by

1% sevoflurane (Sevo-1%) without or with NNC 55-0396 (20 lmol/

L), respectively (scale bars, 20 mV and 200 ms). D Numbers of

MDTN neurons showing sevoflurane-evoked burst firing (P9–11: n =

9 of 12 neurons; P16–18: n = 0 of 9 neurons, ***P B 0.001, Fisher’s

exact test).
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subthreshold. In other words, action potentials cannot be

activated by GABAergic depolarization alone. Nonethe-

less, these GABAergic potentials are able to elicit action

potentials, presumably by evoking low-threshold Ca2?

spikes that are mediated by TCCs, as it has been

demonstrated that TCCs are the molecular determinant of

the excitatory effects of GABA in the peripheral

somatosensory system [29]. We found that TCCs were

less sensitive to sevoflurane in younger than in older pups.

Together with GABAergic depolarization, the neurophys-

iological properties of TCCs may determine the high

incidence of PAHBs in younger pups. In addition, the

stronger inhibitory effect of sevoflurane might contribute to

the lack of PAHBs in older rats.

In addition to the hyperpolarizing inhibition, there is

another form of inhibition called shunting, which may

reduce excitatory synaptic responses and inactivate volt-

age-gated ion channels via a local increase in conductance

across the plasma membrane [30]. Therefore, a high

concentration of GABA would increase the tonic conduc-

tance of the plasma membrane, resulting in shunting-

mediated inhibition [31]. Sevoflurane acts as a GABAA

receptor agonist that potentiates the GABAA channel

current [32]. Isoflurane, a volatile anesthetic that has

actions similar to those of sevoflurane, is able to shunt

voltage-gated Na? and Ca2? channels, including TCCs

[33]. Therefore, sevoflurane may shunt TCCs via GABAA

receptors during deep anesthesia. However, we found that

*80% of T-type currents remained active under a sub-

anesthetic dose (1%) of sevoflurane.

According to the results noted above, we hypothesize

the following. In a young pup, sevoflurane inhibits

neuronal activity via shunting inhibition during deep

anesthesia. When sevoflurane is withdrawn, the excitatory

voltage channels recover from inhibition, and potentiated

GABAergic depolarization by a sub-anesthetic dose of

sevoflurane triggers TCCs, such that burst firing is elicited

by the TCC current (Fig. 6).

In the present study, we revealed a possible role of

TCCs in the brain in generating hyperexcitatory behaviors

during emergence from sevoflurane anesthesia in neonatal

rats. However, ICVM or intraperitoneal injection of TCC

inhibitors are limited in not providing the contributions of

the exact subtypes and their locations. Thus, a gene-editing

technique should be used for further investigation.

Nonetheless, our conclusion provides a new target for EA

management in the clinical setting. For instance, ethosux-

imide may be considered a candidate for further clinical

study.
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