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Background: Astrocytes are now considered as crucial modulators of neuronal
synaptic transmission. General anesthetics have been found to inhibit astrocytic
activities, but it is not clear whether general anesthetics within the clinical concentration
range affects the astrocyte-mediated synaptic regulation.

Methods: The effects of propofol, dexmedetomidine, and ketamine within clinically
effective ranges on the slow inward currents (SICs) were tested by using the whole-cell
recording in acute prefrontal cortex (PFC) slice preparations of rats. Astrocytes culture
and HPLC were used to measure the effects of different anesthetics on the glutamate
release of astrocytes.

Results: Propofol and dexmedetomidine showed no significant effect on the amplitude
or frequency of SICs. Ketamine was found to inhibit the frequency of SICs in a
concentration-dependent manner. The SICs synchronization rate of paired neurons was
inhibited by 30 µM ketamine (from 42.5 ± 1.4% to 9.6 ± 0.8%) and was abolished
by 300 µM ketamine. The astrocytic glutamate release induced by DHPG, an agonist
of astrocytic type I metabotropic glutamate receptors, was not affected by ketamine,
and ifenprodil, a selective antagonist of GluN1/GluN2B receptor, blocked all SICs and
enhanced the inhibitory effect of 30 µM ketamine on the frequency of SICs. Ketamine at
low concentration (3 µM) could inhibit the frequency of SICs, not the miniature excitatory
postsynaptic currents (mEPSCs), and the inhibition rate of SICs was significantly higher
than mEPSCs with 30 µM ketamine (44.5 ± 3% inhibition vs. 28.3 ± 6% inhibition).

Conclusion: Our data indicated that ketamine, not propofol and dexmedetomidine,
within clinical concentration range inhibits glutamatergic transmission from astrocytes
to neurons, which is likely mediated by the extrasynaptic GluN1/GluN2B
receptor activation.
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HIGHLIGHTS

- Astrocytic glutamatergic activity is inhibited by ketamine at
clinically relevant concentration.

- Synchronizations of astrocytic SICs are disrupted by ketamine.
- The same dose of ketamine inhibits SICs more obviously

than mEPSCs.

INTRODUCTION

Astrocytes, like neurons, are important participants in the brain’s
integration and processing of information. Neuron-astrocyte
network modulates advanced neural activities such as cognition
(Yeh et al., 2015), emotion (Oliveira et al., 2015), motor
(Acton et al., 2018), and sensory processing (Lopez-Hidalgo
et al., 2017). Astrocytes release important neurotransmitters
such as glutamate and GABA and participate in synaptic
transmission (Araque et al., 2014). Besides, astrocytes express a
variety of neurotransmitter receptors and perceive the activity of
peripheral neurons (Pannasch and Rouach, 2013). So astrocytes
interact with neurons dynamically and regulate pre-synaptic
and post-synaptic activities. Recent studies have found that
the activities of astrocytes are affected by general anesthetics
(Thrane et al., 2012; Liu et al., 2016), but the effects of general
anesthetics on the astrocyte-neuron transmission have not been
systematically explored.

The glutamate that spontaneously released from astrocytes
produces slow inward currents (SICs) via the extrasynaptic,
GluN2B-containing NMDA receptors on neighboring neurons
(Shigetomi et al., 2008). When compared with the miniature
excitatory postsynaptic currents (mEPSCs), SICs exhibit
significantly slower rise and decay times (Kovacs and Pal,
2017). SICs persists when neuronal and synaptic activity
is suppressed, and both pharmacological and mechanical
stimulation of astrocytes can induce SICs in neighboring
neurons (Angulo et al., 2004). The physiological significance
of SICs is to promote synchrony of neuronal activity, thus
coordinating the activity of a brain area in a wider range. For
example, in the thalamus, hippocampus and nucleus accumbens,
researchers have found this extrasynaptic NMDAR response can
occur synchronously in multiple neurons (Fellin et al., 2004;
Pirttimaki et al., 2011).

Many studies of the mechanism of anesthesia believe that
the loss of consciousness induced by general anesthetics is
associated with a temporary breakdown of cortical functional
connections, specifically the collapse of the synchronous activity
pattern of cortical neurons, which makes the cortex unable
to integrate information (Alkire et al., 2008; Lee et al., 2009;
Rathmell and Wanderer, 2016). A single astrocyte makes
about 100,000 synaptic connections with the surrounding
neurons (Perea et al., 2014a), which synchronize the activity
of neurons of the local brain area. So it is important
to figure out the effects of anesthetics on the astrocyte-
neuron activities.

In this work, we selected three anesthetics in clinical
concentration: propofol (agonist of GABAA receptor), ketamine

(antagonist of NMDA receptor) and dexmedetomidine (agonist
of α2-adrenergic receptors), which are agonist or antagonist
of distinct receptors and all three drugs can induce hypnosis
or loss of consciousness. The effects of the three distinct
anesthetics on the astrocyte-derived SICs in acute cortical
slices of rats were investigated. Our research may contribute
to improving the understanding of the role of astrocytes
in the mechanisms of loss of consciousness induced by
general anesthetics.

MATERIALS AND METHODS

Animals
All the experimental protocols were reviewed and approved
by the Zunyi Medical University Animal Care and Use
Committees (no. 2017-69 for pre-registration). According
to the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (Eighth
Edition, 2011), the infant rats were reared with their mother
in a specific pathogen-free animal room with controlled
temperature (22–25◦C) and a 12-hour light/dark cycle.
All the rats had free access to a standard chow diet and
purified drinking water.

Slice Preparation
Coronal prefrontal cortex (PFC) slices (300 µm) were prepared
from Sprague Dawley rats at postnatal day 21 (P21) to P40. Rats
were anesthetized with chloral hydrate (10% wt/vol) and then
perfused transcardially with ice-cold oxygenated (95% O2/ 5%
CO2) high-sucrose solution containing (in mM) 2.5 KCl, 1.25
NaH2PO4, 2 Na2HPO4, 2 MgSO4, and 26 NaHCO3. The Rats
were then decapitated to remove the brains. In a sectioning
plate filled with ice-cold oxygenated high-sucrose solution, the
isolated brain was sectioned at 300 µm using a vibratome
(HM650V, Thermo, United States). After sectioning, the slices
were incubated for 1 h at 34◦C in an oxygenated artificial
cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 4.5
KCl, 2.0 CaCl2, 1.0 MgCl2, 1.2 NaH2PO4, 26 NaHCO3, 10 glycine,
10 glucose, pH 7.32.

Electrophysiology
Glial cells and neurons were visually identified on an
infrared-differential interference contrast optics (Olympus,
Japan). Whole-cell patch-clamp recordings were performed
from pyramidal neurons in the lateral prefrontal regions.
For SICs recording, the internal solution contained (in
mM): 135 CsCl, 8 NaCl, 4 Mg-ATP, 10 HEPES, 0.6 EGTA
and 0.3 Na2-GTP, 310 mOsmol/L, pH 7.2. Slices were
perfused in a chamber at 2–3 ml/min with an ACSF
contained 100 micro molar picrotoxin (antagonist of
gamma-aminobutyric acid A subtype receptor, GABAA)
and 1 µM tetrodotoxin (TTX) (Angulo et al., 2004),
which prevented the interference of action potential and
inhibitory synaptic neurotransmission on the SICs recording.
Whole-cell patch-clamp experiments were conducted
with EPC10 amplifier (HEKA Elektronik, Germany).
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According to the nature of whole-cell recording, there is no
randomization was performed.

Pharmacology
In this experiment, the concentrations of the three general
anesthetics were chosen based on their clinically effective
ranges. For propofol, an agonist of GABAA receptors, the
plasma concentration to induce loss of consciousness in rat is
around 10 µM (Yang et al., 1995); For ketamine, an antagonist
of NMDA receptors, the plasma concentration of rats after
intraperitoneal injection is around 30 µM (Ganguly et al.,
2018); For dexmedetomidine, an agonist of alpha2-adrenergic
receptors, the plasma concentration causing unconsciousness is
around 40 nM (Plourde and Arseneau, 2017). The experimental
concentrations of three drugs were 0.1, 1, 10, 20, and
40-fold of their clinically relevant concentrations. Propofol
injectable emulsion (Diprivan, AstraZeneca, United States) was
diluted to a final concentration in perfusion solution, while
the perfusion solution containing the same concentration of
emulsion (100 mg/mL soybean oil, 22.5 mg/mL glycerol,
12 mg/mL egg lecithin and 0.005% disodium edetate) was
used as the control solution for experiments with propofol.
Ketamine (Fujian Gutian Pharmaceutical Co., Ltd., China)
and dexmedetomidine (Jiangsu Nhwa Pharmaceutical Co.,
Ltd., China) were diluted to experimental concentrations in
perfusion solution.

In certain experiments, slices were treated with DHPG,
an agonist of type I metabotropic glutamate receptors,
to induce glutamate release from astrocytes (Porter and
McCarthy, 1996). Some slices were treated with 1 mM
fluorocitrate (a glia-specific metabolic inhibitor) for 1 h
to inhibit astrocytic activity (Martín et al., 2007). Other
antagonists included ifenprodil (5 µM), a GluN2B-specific
NMDA receptor blocker; D(-)-2-Amino-5-phosphonopentanoic
acid (D-AP5, 50 µM), a general NMDA receptor antagonist;
tetanus neurotoxin (TeNT, 2 µM), which blocks the
synaptic release of neurotransmitters; MK-801, 20 µM,
a non-competitive antagonist of NMDA receptors; 2,3-
Dihydroxy-6-nitro-7- sulfamoyl-benzo[f]quinoxaline (NBQX,
30 µM), a specific antagonist of non-NMDA (AMPA)
glutamate receptors; TCN-201, 10 µM, a selective antagonist of
GluN2A receptor.

Astrocytes Culture
The dissociated subculture of cortical astrocytes was prepared
and maintained as described previously (Zeng et al., 2008).
Briefly, neonatal rat (1–2 days) was anesthetized and the
prefrontal cortex was dissected surgically under sterile
condition. The cortical tissue was cut and then incubated
in 0.125% trypsin (Sigma, United States) at 37◦C for
30 min, during which the trypsin was shaken once every
10 min. Then DMEM/F12 medium (Gibco, United States)
containing 15% (v/v) fetal bovine serum was added to stop
the action of trypsin. The cell suspension was centrifuged
at 1000 rpm for 5 min to collect cells. The supernatant
was discarded and the cells were suspended in complete
medium containing DMEM/F12 and 15% (v/v) fetal bovine

serum. Cells were planted in a flask and cultured in
the incubator at 37◦C in a humidified 5% CO2-95% air
atmosphere. After 15 days, flasks were shaken (180 rpm)
for 18 h and the medium was replaced by new ones. The
subculture of cortical astrocytes was made by two times
of digestion and centrifugation in the same procedure as
mentioned above.

Immunofluorescence
The subculture of astrocytes was planted in Petri dish containing
DMEM/F12 complete medium and cultured for 24 h. Astrocytes
were fixed in 4% paraformaldehyde for 30 min, washed
with 0.01 mol/L phosphate-buffered saline (PBS) three times,
permeated by 0.02 % TritonX-100 for 3 min, washed with
0.01 mol/L PBS three times. Astrocytes were incubated with
rabbit anti-GFAP (1:1000, Abcam, United States) at 4◦C
overnight, followed by incubations with FITC-conjugated goat
anti-rabbit IgG (1: 1000 in PBS, Sigma, United States) for
90 min. At last, DAPI (1:2000, Abcam) was applied for 5 min
to label the nuclei of all astrocytes. After staining, Petri
dishes were examined using a Leica SP2 confocal microscope
(Leica, Germany).

Analysis of Extracellular Glutamate
Concentration
The concentration of extracellular glutamate was identified using
HPLC with a fluorescence detector. HPLC was performed based
on the methods previously published with some adjustment
(Zeng et al., 2008) and the tester was blinded to the procedure
of supernatant harvest. The HPLC system (1260 Infinity,
Agilent, United States) comprised of a quaternary pump system
(G1311B), fluorescence detector (G1321B, λex = 337 nm,
λem = 457 nm), HPLC chemo-station, a 5 µm biophase
octadecylsilyl and analytical column (150 mm × 4.6 mm).
All astrocytes were seeded in 6-well plates and employed
for individual tests when astrocytes produced a confluent
layer 5 days after seeding. At this stage, the culturing
medium was discarded and washed two times with 0.01
PBS, after that incubated with the free-serum medium.
10 µM DHPG (made with 0.01 M PBS) was added to the
various wells and supernatant was harvested at 2, 4, 6, 8,
and 10 min, respectively. Supernatants were derivatized with
O-phthalaldehyde/beta-mercaptoethanol (OPA) for 2 min prior
to injection. The mobile phase was composed of 0. 01 M
Na2HPO4, 0.1 mM EDTA and 30% methanol. The system
was operated at 38◦C with a flow rate of 1 mL/min. The
calibration curves and quantifications were deduced on the
maximum areas calculated with Agilent Lab Advisor software.
Control experiments were performed with adding 0.01 M
PBS to wells after which supernatants were harvested to
determine the basal amount of glutamate. Effects of the
three anesthetics (diluted to 0.1, 1, 10, and 100-fold of their
clinically relevant concentrations in 0.01 M PBS) were always
compared with the controls performed on the same culture
preparation. The same experiments were repeated in five different
astrocyte cultures.
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Data Collection and Analysis
Patchmaster 2.0 software (HEKA Elektronik, Germany) was used
for data acquisition, while data analysis was performed by Spike
2 software (CED, ENGLAND). For recording SICs and mEPSC,
voltage-clamp traces were recorded at a holding potential of
−60 mV. The noise level of mEPSC was set as 5 pA while
SICs as 30 pA. Only stable current traces that exhibit a single
peak distribution in the on-line histogram analysis were used
for subsequent analysis. Average amplitude and frequency of
SICs and mEPSC were calculated from 30 min long current
traces before and after drug application. The series resistance was
continuously monitored during the recording and was accepted
when the series resistance of the current was less than 30 �
and with less than 10% change. The amplitude of the SICs
is the difference between the SICs peak and the average of
the current baseline within the 20 ms before the appearance
of the SICs. The zero to one hundred percent rise time and
10 to 90% decay time for SIC events were calculated with
single exponential fits. Power And Sample Size software was
used to predetermine the sample size of recorded neurons. All
data were presented as mean ± SD. Statistical analysis of two
groups was performed with Student’s t-test by utilizing GraphPad
PRISM 6 Software (GraphPad Software Inc., United States).
When multiple groups were compared, statistical analysis was
performed with one-way analysis of variance (ANOVA) followed
by Brown-Forsythe test. Cumulative probability curves for SICs
rise times and decay times were tested by Kolmogorov-Smirnov
test. Statistical significance at the p < 0.05 level were considered
statistically significant.

RESULTS

SICs Is Generated by Glutamate Release
From Astrocytes
First, we investigated the presence of SICs on PFC neurons.
When we held PFC neurons near their resting membrane
potential (−60 mV) in magnesium-free ACSF (as MgCl2 was
not administered to the solution), which prevent the voltage-
dependent block of glutamate receptors of the NMDA subtype,
and 1 µM TTX was applied into the ACSF to block action
potential propagation in the neuronal network, we observed
spontaneous SICs in 89% of the recorded neurons (63 neurons
from 20 rats) with comparable parameters to literature data
(Pirttimaki and Parri, 2012). The average frequency of SICs
was 0.78 ± 0.16/min, with the amplitude of 96.9 ± 37.9 pA,
a rise time of 96.8 ± 30.5 ms and a decay time constant of
269.5 ± 32.8 ms (38 events from 22 neurons, Figures 1A,C).
The parameters of SICs can be unambiguously separated
from miniature excitatory postsynaptic currents (mEPSCs)
(Figures 1A,B). The decay time constant of mEPSCs were
25.68 ± 2.6 ms (45 events from 9 neurons, Figures 1B,C),
which were two magnitudes faster than SICs, thus SICs are
clearly distinguishable. We then sought evidence to prove
whether the neuronal SICs generation could be affected by
pharmacological manipulations known to inhibit or activate

astrocytes in PFC slices. First, the slices were treated with
1 mM fluorocitrate for 1 h prior to recording. This drug,
a specific blocker of astrocytes, inhibits the Krebs cycle of
astrocytic metabolism (Largo et al., 1996). Under the same
experimental arrangement described above, no SICs was detected
from fluorocitrate incubated slices (12 neurons from 3 rats,
Figures 1D,E). Second, when 10 µM DHPG (agonist of
astrocytic type I metabotropic glutamate receptors) were bath
applied for pharmacological activation of astrocytes (Porter and
McCarthy, 1996), we observed a significant increase in the
frequency of the SICs (Figures 1D,E). The 10–90% rise and
decay time of the slow currents recorded before and during
DHPG showed no different (Figure 1F). Furthermore, SICs were
still present after slice incubation (2 h) with 2 µM tetanus
neurotoxin (TeNT) (Figures 1D,E), which blocks the synaptic
release of neurotransmitters (Link et al., 1992). Altogether,
the above observations strongly suggest that SICs are of the
astrocytic origin.

The Astrocytic Glutamatergic
Transmission Was Inhibited by Ketamine
at a Clinically Relevant Concentration
To study the effects of different general anesthetics on the
astrocytic glutamatergic transmission, the selected anesthetics
were added to oxygenated ACSF for a slice pre-incubation
(15 min), the solution containing anesthetic were continuously
perfused during whole-cell patch-clamp recordings. Due to the
different preparation protocols of the 3 drugs (see section
“Materials and Methods”), SICs recording in slices under ASCF
containing emulsion was taken as the control for propofol, while
SICs recording under normal ASCF was taken as the control
for both ketamine and dexmedetomidine. The concentrations
tested for each general anesthetic were chosen as 0.1, 1, 10, 20,
and 40-fold of their clinically relevant concentrations (see section
Materials and Methods). For propofol, the test concentrations
were set as 1, 10, 100, 200, and 400 µM. Propofol with all selected
concentrations showed no significant effect on the amplitude
or frequency of SICs (Figures 2B,E). Dexmedetomidine with
selected concentrations (4, 40, 400, 800, and 1600 nM)
were also found ineffective in changing the amplitude or
frequency of SICs (Figures 2C,E), indicating propofol and
dexmedetomidine exert no effect on the astrocytic glutamatergic
transmission within the clinically relevant concentration range.
For ketamine, the test concentrations were 3, 30, 300, 600,
and 1200 µM. We found that the frequency of SICs dropped
to 0.53 ± 0.18 SICs/min at a concentration of 30 µM from
0.77 ± 0.16 SICs/min in control group (10 neurons from 5
slices, Figure 2D). The inhibition of the frequency of SICs
reached 0.35 ± 0.15 SICs/min at 300 µM (8 neurons from
3 slices, Figure 2D). Ketamine with 600 (5 neurons from 3
slices) and 1200 µM (5 neurons from 3 slices) inhibited the
frequency of SICs to 0.087± 0.06 and 0.083± 0.05%, respectively
(Figure 2D). Ketamine with all selected concentrations did
not change the amplitude of SICs (Figure 2E). When washed
out for 15 min, the frequency of SICs recovered to about
80% (Figure 2A, the bottom trace) of the control level,
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FIGURE 1 | Parameters of SICs and mEPSC from the prefrontal cortex neuron. (A), Representative trace of SICs and mEPSCs recorded from a PFC neuron at a
holding potential of –60 mV. The red square marks a mEPSC and a SIC is labeled by the blue square. (B) mEPSC (red) and SIC (blue) were showed in a larger scale.
(C) Statistical summary of frequency, amplitude, rise and decay time of SICs and mEPSCs. Differences with statistically significant (∗∗∗p < 0.001, compared with
control) were verified by unpaired t-test. (D) Representative traces of SICs exposed to fluorocitrate, DHPG and TeNT administration. (E) Statistical summary of
frequency of SICs recorded in 10 min before and after fluorocitrate, DHPG and TeNT administration. (F) Cumulative probability curves for SIC rise times and decay
times for normal (blue line) and DHPG treatment (yellow line), no statistical difference, Kolmogorov-Smirnov test. Data were presented as mean ± SD. Dots represent
individual data.

demonstrating that the inhibition induced by ketamine is
largely reversible.

Synchronization of Astrocytic SICs Was
Inhibited by Ketamine
SICs can occur simultaneously in adjacent pyramidal neurons,
which promote synchrony of neuronal activity (Perea et al.,
2014a). In the next series of experiments, we sought evidence
whether ketamine can affect the synchronization of astrocytic
SICs. Since propofol and dexmedetomidine at clinically relevant
concentration showed no inhibitory action on the frequency of
SICs, we did not examine their effects on SICs synchronization.

Pairs of PFC neurons were patched where somata were within
20 µm (Figure 3A), and spontaneous activity was recorded in
parallel in voltage clamp mode in a recording period of 10 min.
When the delay between the onset of one SIC recorded in one
neuron and the other SIC appearing in the paired neuron was
<0.05 s, count as a valid synchronization of SICs (Figure 3B).
We first record six pairs of PFC neurons distant by <20 µm
under normal ACSF, during 10 min period, the occurrence rate
of synchronized SICs was 42.5 ± 1.4% (68 SICs were recorded
from 12 neurons) (Figure 3C, up panel and Figure 3D). Then we
recorded 6 pairs of PFC neurons distant by <20 µm under ACSF
containing 30 µM ketamine, the occurrence rate of synchronized
SICs dropped to 9.6 ± 0.8% (36 SICs were recorded from
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FIGURE 2 | Effects of propofol, dexmedetomidine and ketamine on SICs. (A) Example large scale traces of SICs exposed to the highest concentration of propofol,
dexmedetomidine and ketamine. (B–D) bar graphs illustrate SICs frequency affected by three anesthetics with different concentrations. (E) Statistical summary of
amplitude of SICs affected by three anesthetics with the highest concentration in this study. Differences with statistically significant (∗∗∗p < 0.001, compared with
control) were verified by one-way ANOVA followed by Brown-Forsythe test. Data were presented as mean ± SD. Con = control, Pro = propofol, Dex =
dexmedetomidine, Ket = ketamine.

FIGURE 3 | Ketamine inhibit synchronized SICs from pair-recorded PFC neurons. (A) Infrared chromatic aberration photo of pair-recorded PFC neurons. Tips of
glass microelectrodes were marked with arrow. (B) Example traces showed synchronized SICs in two different PFC neurons recorded simultaneously. Two pairs of
synchronized SICs were marked by asterisks. (C) Example large scale traces of synchronized SICs exposed to normal ACSF and 30 µM ketamine, synchronized
SICs were marked by dashed box. (D) Statistical summary of the occurrence rate of paired SICs. Differences with statistically significant (∗∗∗p < 0.001, compared
with control) were verified by unpaired t-test. Data were presented as mean ± SD.

12 neurons) (Figure 3C, bottom panel and Figure 3D). The
occurrence rate of synchronized SICs was 0 when 300 µM
ketamine were tested (5 SICs were recorded form 2 pairs of PFC

neurons). These data thus indicate that ketamine at clinically
relevant concentrations exerts a significant inhibitory effect on
the astrocyte-mediated SICs synchronization.
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Ketamine Exerts No Effects on the
Astrocytic Glutamate Release
SICs are due to the spontaneous release of glutamate from
astrocytes, thus the inhibitory actions of ketamine on SICs
might be consequences of the decrease of glutamate release
from astrocytes caused by ketamine. In order to investigate this
possibility, we next explore whether ketamine inhibits DHPG-
evoked glutamate release from cultured PFC astrocytes. PFC
astrocytes were identified with immunofluorescence stained by
mouse GFAP antibody (Figure 4A). The immunohistochemical
staining after two generations showed that the purity of the
astrocytes was more than 95% (data not shown). Glutamate
efflux from astrocyte cultures was assayed with HPLC. The
base level of glutamate release from cultured prefrontal cortex
(PFC) astrocytes was 2.18 ± 0.84 µM (Figures 4B,C; five
wells). Application of 10 µM DHPG for 10 min increased the
concentration of glutamate to 6.18 ± 0.15 µM (Figures 4B,C;
of five wells). Pre-incubation of ketamine (300 and 1200 µM)
for 10 min could not influence the DHPG-induced glutamate
efflux (5.96 ± 0.23 µM for ketamine 1200 µM + DHPG 10 µM;
Figures 4B,C; of five wells), which suggest that DHPG-induced
astrocytic glutamate release is not affected by ketamine.

Ketamine-Induced Inhibition of SICs Is
Mediated by GluN1/GluN2B Receptors
Negative results with glutamate assay of astrocyte cultures raised
the possibility that ketamine-induced inhibition of SICs was due
to blockade of NMDA receptors. As ketamine is a non-selective
antagonist for the NMDA receptor (Lord et al., 2013), we need
to seek the NMDA receptor subtype responsible for SICs. The
effects of different antagonists on SICs were present in Figure 5A.
In the presence of 20 µM MK-801, a non-competitive antagonist
of NMDA receptors, the frequency of SICs were dropped to
0.02± 0.01/min (Figure 5B, 10 neurons). However, spontaneous
SICs were observed with normal frequency (0.98 ± 0.10/min)
in 30 µM NBQX (Figure 5B, 5 neurons), a specific antagonist
of non-NMDA (AMPA) glutamate receptors. Then we perfused
selective antagonist of GluN1/GluN2B receptor, ifenprodil
(5 µM) (Bettini et al., 2010), which inhibited the frequency of
SICs significantly (Figure 5B, 10 neurons). We also found that
0.5 µM ifenprodil, not 10 µM TCN-201 [selective antagonist of
GluN1/GluN2A receptor (Edman et al., 2012)] could significantly
enhance the inhibitory effect of 30 µM ketamine on the frequency
of SICs (from 0.65 ± 0.10/min to 0.29 ± 0.04/min, Figure 5B,
10 neurons). Such results suggest that the ketamine-induced
inhibition of the frequency of SICs is due to the blockade of
GluN1/GluN2B receptors by ketamine.

Astrocytic SICs Are More Sensitive to
Ketamine Than Synaptic mEPSCs
Depending on the subunit composition, GluN1/GluN2A and
GluN1/GluN2B receptors have distinct pharmacological and
kinetic properties. GluN1/GluN2A receptor is a target of
glutamate released from a synaptic source, which is characterized
by rapid kinetics (mEPSCs) (Nakanishi et al., 1998). While
extrasynaptic GluN1/GluN2B are activated by glutamate released

from a non-synaptic (astrocytic) source, which is characterized
by slow kinetics (SICs) (Angulo et al., 2004). Different in the
source of glutamate and kinetic properties raised the possibility
that ketamine may exert a different effect on the fast (synaptic)
and slow (non-synaptic) glutamatergic transmission. In order to
investigate this possibility, we compared the effect of 3, 30, and
300 µM ketamine on the GluN1/GluN2A and GluN1/GluN2B
mediated currents. mEPSCs and SICs were recorded and
distinguished by their frequency and decay time as stated above.
The frequency of mEPSCs was 22.7 ± 3.4/min in control, and
22.1± 3.2/min with 3 µM ketamine, 16.9± 1.5/min with 30 µM
ketamine, 2.3 ± 0.2/min with 300 µM ketamine. The frequency
of SICs was 0.85 ± 0.12/min in control, and 0.72 ± 0.12/min
with 3 µM ketamine, 0.48 ± 0.10/min with 30 µM ketamine,
0.06 ± 0.001/min with 300 µM ketamine (Figure 6A). In
Figure 6B, inhibition rate of 3, 30, and 300 µM ketamine on
mEPSCs and SICs were presented, which indicated that ketamine
at low concentration (3 µM) could inhibit the frequency of SICs,
but not mEPSCs. And, the inhibition rate of SICs was significantly
higher than mEPSCs with 30 µM ketamine (44.5± 3% inhibition
vs. 28.3 ± 6% inhibition). Taken together, one might conclude
that GluN1/GluN2B mediated astrocytic excitatory current is
more sensitive to ketamine.

DISCUSSION

In the present study, we demonstrated that ketamine significantly
suppressed GluN1/GluN2B receptor-induced SICs in acute rats
brain slice, in a concentration-dependent manner. On the
contrary, propofol and dexmedetomidine did not affect SICs,
which represent glutamatergic transmission from astrocytes
to neurons. Three anesthetics were tested in the ranges that
correspond to their respective plasma concentrations during
anesthesia. Ketamine inhibited the frequency of SICs by more
than 30% when used at 30 µM, which is around the plasma
concentration of rats after intraperitoneal injection (Ganguly
et al., 2018). Propofol and dexmedetomidine had no effect on
the frequency of SICs, even at 40-fold of their clinically relevant
concentrations (Franks, 2008; Plourde and Arseneau, 2017).

Connexins form functional gap junction channels that enable
electrochemistry communication between adjacent astrocytes
and neurons (Nagy and Rash, 2000). Early experiment (Liu et al.,
2016) exploring anesthetic mechanism in astrocytes compared
the effects of propofol, ketamine, and dexmedetomidine on
the connexin channel functions of astrocytes. They reported
that propofol was found to inhibit gap junction within
clinically relevant ranges (100–150 µM), either ketamine nor
dexmedetomidine had an effect on gap junction channels
within clinically relevant ranges. Combined with our results,
one can infer that both propofol and ketamine, at clinically
relevant concentrations, are an effective compound in affecting
the activities of astrocytes, however, they aimed at different
targets. Propofol may inhibit the functional astrocytic network
by inhibiting the activity of connexin channel and decreasing
calcium signaling between astrocytes (Parys et al., 2010). While
ketamine inhibits the glutamate transmission from astrocytes
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FIGURE 4 | Effect of ketamine on glutamate release from cultured prefrontal cortex astrocytes. (A) Micrographs of cultured prefrontal cortex astrocytes labeled for
DAPI (left), GFAP (middle) their overlay (right). (B) HPLC chromatogram of glutamate in astrocyte culture medium after DHPG (middle) or ketamine (down)
administration. (C) Statistical summary of the glutamate concentration. Differences with statistically significant (∗∗∗p < 0.001, compared with control) were verified by
one-way ANOVA followed by Brown-Forsythe test. Data were presented as mean ± SD. Glu = glutamate, Con = control, Ket = ketamine.

to neurons, thereby inhibiting the astrocytic regulation of
neurons, especially the synchronous activity of nearby neurons
(Fellin et al., 2004).

In this study, we found direct evidence for the inhibition
of astrocyte-mediated SICs synchronization by ketamine at
clinical concentrations. A significant 78% inhibition of the
occurrence rate of synchronized SICs on paired PFC neurons
was produced by 30 µM ketamine. Astrocytes play a key role for
the synchrony of regional neurons, stimulation of one astrocyte
can activate other astrocytes in the region and trigger continuous
depolarization and high-frequency discharge of adjacent neurons
(change and maintain new patterns of neuronal activity) (Perea
et al., 2014a). Under the control of astrocytes, the cortex forms a
wide range of neuronal clusters that receive and output special
signals, and eventually from the neuronal basis to encode and
integrate advanced neural information.

Astrocytes can release glutamate through calcium-dependent
and calcium-independent mechanisms, such as vesicular release
(Yaguchi and Nishizaki, 2010), the reverse operation of glutamate
transporters (Yoshizumi et al., 2012) and the opening of
hemichannels (Ye et al., 2003). Our present research did not focus
on the specific mechanism by which astrocytes release glutamate.

However, bath applications of DHPG were shown previously to
trigger intracellular calcium transients in astrocytes (Muyderman
et al., 2001). So DHPG increases the release of glutamate
from astrocyte cultures support the involvement of a calcium-
dependent release mechanism. Our results of glutamate assay
showed that ketamine with 10-fold of the clinical concentration
exerts no effects on the astrocytic glutamate release, which
indicate that calcium-independent vesicular pattern of astrocytic
glutamate release is not a potentially important mechanism
in ketamine-induced inhibition of glutamatergic transmission
between neurons and astrocytes. However, identifying the actual
effects of ketamine or other anesthetics on the glia release
glutamate in vivo animal model still need additional experiments.

Our work demonstrated that SICs are consequences
of astrocytic activity. Stimulation of astrocytes by group I
metabotropic glutamate receptor agonist led to the appearance
of SICs, and inhibition of astrocytes by fluorocitrate prevented
the development of these events. The astrocytic source of SICs
was verified by optogenetic activation of astrocytes (Perea et al.,
2014b), a more advanced technology allowing specific activation
of astrocytes in slice preparations. Our results showed that
SICs were prevented by ketamine or GluN1/GluN2B receptors
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FIGURE 5 | The inhibition of SICs by ketamine was enhanced by selective antagonist of GluN1/GluN2B receptor. (A) Example traces of SICs with different
antagonists administration. (B) Statistical summary of SICs frequency affected by different antagonists. Differences with statistically significant (∗∗∗p < 0.001,
compared with control) were verified by one-way ANOVA followed by Brown-Forsythe test. Data were presented as mean ± SD.

FIGURE 6 | The inhibitory effects of ketamine on mEPSCs and SICs. (A) events marker of mEPSCs (left) and SICs (right) in a representative 10 min period. Ketamine
inhibited both mEPSCs and SICs in a concentration dependent manner. (B) Normalized inhibition rate of ketamine on mEPSCs and SICs. Differences with
statistically significant (∗∗∗p < 0.001, compared with control) were verified by two-way ANOVA with post tests. Data were presented as mean ± SD.
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antagonists, which indicates that ketamine-induced inhibition
of SICs is mediated by the extrasynaptic NMDA receptors
containing NR2B subunits. However, it can be a matter debate
whether GluN1/GluN2B receptors involved in the astrocyte-
neuron modulation of ketamine are neuronal extrasynaptic or
astrocytic receptors because functional NMDA receptors were
found presenting on cortical astrocytes (Dzamba et al., 2013).
As the SICs-blocking effects of ketamine were very similar to
the inhibition caused by ifenprodil, we cannot clearly exclude
the possibility that astrocytic NMDA receptors contribute
to the ketamine-inhibition of SICs. Furthermore, based on
the facts that astrocytes express functional AMPA receptors
(Matthias et al., 2003) and ketamine is an indirect AMPA
receptor agonists (Krystal et al., 2013), one may hypothesize
that ketamine potentiates the glutamatergic AMPA transmission
while inhibits SICs. We did not add selective AMPA antagonist
when evaluating the effects of ketamine on SICs, thus the low
concentration of ketamine was insufficient to inhibit mEPSCs
may due to the ketamine-induced potentiation of glutamatergic
AMPA transmission.

To the best of our knowledge, our present work first
found direct evidence prove that astrocyte-neuron glutamatergic
transmission, which represented by SICs, were inhibited by
ketamine in clinical concentration. The effects of general
anesthetics on non-neuronal cells and the potential mechanism
by which these drugs induce unconsciousness are not widely
appreciated. Most previous studies focused on the effects of
general anesthetics on the neuronal injury related to intracellular
calcium homeostasis (Mantz et al., 1994; Yang et al., 2008)
or glutamate uptake in astrocytes (Miyazaki et al., 1997; Sitar
et al., 1999). One study explored the conscious targets of
anesthetics (including ketamine) in astrocytes (Thrane et al.,
2012). Combined with our findings, it is important that direct
suppression of astrocytic activities (such as synchronized calcium
signals and SICs) by anesthetics were found as a potential
mechanism under their unconsciousness effects. In addition,
the previous study reported that anesthetic doses of isoflurane
are insufficient to affect neuronal responses but sufficient to
obviously inhibit sensory-evoked astrocyte calcium transients
(Schummers et al., 2008). Their results are in line with our
present finding showed that low concentration of ketamine was
insufficient to inhibit mEPSCs but sufficient to inhibit astrocytic
SICs. All these studies indicate that, compared with neurons,
astrocytes activities are more vulnerable to anesthetics. So the
inhibition of astrocytic function may play a key role in the early
stage of unconsciousness induced by general anesthetics.

Ketamine at sub-anesthetic doses acts as a fast-acting
antidepressant (Krystal et al., 2013). The underlying mechanisms

involve activating the mammalian target of rapamycin (mTOR)
pathway leading to improvement of synaptic signaling (Li et al.,
2010), actions on the glutamatergic system, 5-HT system and
dopaminergic system (De Gregorio et al., 2018), improving
synaptogenesis (Liu et al., 2012) and neurotrophic function
(Abdallah et al., 2015). Thus the ability of ketamine to modulate
the SICs at sub-anesthetic doses in its antidepressant effects
needs to be discussed. Many factors of stress response such as
immunologic attack, increased levels of reactive oxygen species
and reduced levels of free radical scavengers lead to astrocytes
loss (Banasr and Duman, 2008). Because astrocytes are centrally
involved in glutamate inactivation, astrocytes loss may elevate
glutamate levels in both synaptic and extrasynaptic spaces. The
astrocytic origin of SICs was confirmed by our results, thus
the inhibition of astrocytic SICs by ketamine may depress
glutamate neurotransmission when extracellular glutamate level
was elevated by astrocytes loss, which in turn compromising
functional astrocyte–neuron connectivity during the depression.
Moreover, the blockade of extrasynaptic NMDA receptors also
appears to be critical to the antidepressant effects of ketamine
(Krystal et al., 2013), and we proved that ketamine inhibited SICs
by blocking the extrasynaptic NMDA receptors containing NR2B
subunits supporting such theory.

CONCLUSION

In summary, the present findings suggest that by blocking
GluN1/GluN2B receptors, ketamine have an inhibitory role in
astrocytic glutamatergic transmission. The decrease of astrocyte-
mediated SICs synchronization due to ketamine administration
at clinical concentration may have serious implications for
the development of dissociative cognitive impairment during
ketamine anesthesia.

AUTHOR CONTRIBUTIONS

YZ, SW, and LX analyzed the data and drafted the manuscript.
CL, SY, LZ, and WZ collected the data. TY approved the final
version of the manuscript.

FUNDING

The study is supported in part by the National Natural Science
Foundation of China (Beijing, China) Grant Nos. 81460219 and
81760259 to YZ and 81571026 to TY and Guizhou Science and
Technology Project (2017-1430) to YZ.

REFERENCES
Abdallah, C. G., Sanacora, G., Duman, R. S., and Krystal, J. H. (2015). Ketamine

and rapid-acting antidepressants: a window into a new neurobiology for mood
disorder therapeutics. Annu. Rev. Med. 66, 509–523. doi: 10.1146/annurev-
med-053013-062946

Acton, D., Broadhead, M. J., and Miles, G. B. (2018). Modulation of spinal motor
networks by astrocyte-derived adenosine is dependent on D1-like dopamine

receptor signaling. J. Neurophysiol. 120, 998–1009. doi: 10.1152/jn.00783.
2017

Alkire, M. T., Hudetz, A. G., and Tononi, G. (2008). Consciousness and anesthesia.
Science 322, 876–880. doi: 10.1126/science.1149213

Angulo, M. C., Kozlov, A. S., Charpak, S., and Audinat, E. (2004).
Glutamate released from glial cells synchronizes neuronal activity in the
hippocampus. J. Neurosci. 24, 6920–6927. doi: 10.1523/JNEUROSCI.0473-04.
2004

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 June 2019 | Volume 13 | Article 240

https://doi.org/10.1146/annurev-med-053013-062946
https://doi.org/10.1146/annurev-med-053013-062946
https://doi.org/10.1152/jn.00783.2017
https://doi.org/10.1152/jn.00783.2017
https://doi.org/10.1126/science.1149213
https://doi.org/10.1523/JNEUROSCI.0473-04.2004
https://doi.org/10.1523/JNEUROSCI.0473-04.2004
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00240 June 11, 2019 Time: 15:43 # 11

Zhang et al. Ketamine Inhibits Astrocytic SICs

Araque, A., Carmignoto, G., Haydon, P. G., Oliet, S. H., Robitaille, R., and Volterra,
A. (2014). Gliotransmitters travel in time and space. Neuron 81, 728–739. doi:
10.1016/j.neuron.2014.02.007

Banasr, M., and Duman, R. S. (2008). Glial loss in the prefrontal cortex is sufficient
to induce depressive-like behaviors. Biol. Psychiatry 64, 863–870. doi: 10.1016/j.
biopsych.2008.06.008

Bettini, E., Sava, A., Griffante, C., Carignani, C., Buson, A., Capelli, A. M., et al.
(2010). Identification and characterization of novel NMDA receptor antagonists
selective for NR2A- over NR2B-containing receptors. J. Pharmacol. Exp. Ther.
335, 636–644. doi: 10.1124/jpet.110.172544

De Gregorio, D., Enns, J. P., Nunez, N. A., Posa, L., and Gobbi, G. (2018).
d-Lysergic acid diethylamide, psilocybin, and other classic hallucinogens:
mechanism of action and potential therapeutic applications in mood disorders.
Prog. Brain Res. 242, 69–96. doi: 10.1016/bs.pbr.2018.07.008

Dzamba, D., Honsa, P., and Anderova, M. (2013). NMDA receptors in glial
cells: pending questions. Curr. Neuropharmacol. 11, 250–262. doi: 10.2174/
1570159X11311030002

Edman, S., McKay, S., Macdonald, L. J., Samadi, M., Livesey, M. R., Hardingham,
G. E., et al. (2012). TCN 201 selectively blocks GluN2A-containing
NMDARs in a GluN1 co-agonist dependent but non-competitive manner.
Neuropharmacology 63, 441–449. doi: 10.1016/j.neuropharm.2012.04.027

Fellin, T., Pascual, O., Gobbo, S., Pozzan, T., Haydon, P. G., and Carmignoto,
G. (2004). Neuronal synchrony mediated by astrocytic glutamate through
activation of extrasynaptic NMDA receptors. Neuron 43, 729–743. doi: 10.1016/
j.neuron.2004.08.011

Franks, P. N. (2008). General anaesthesia. from molecular targets to neuronal
pathways of sleep and arousal. Nat. Rev. Neurosci. 9, 370–386. doi: 10.1038/
nrn2372

Ganguly, S., Panetta, J. C., Roberts, J. K., and Schuetz, E. G. (2018). Ketamine
pharmacokinetics and pharmacodynamics are altered by Pgp and Bcrp efflux
transporters in mice. Drug Metab. Dispos. 46, 1014–1022. doi: 10.1124/dmd.
117.078360

Kovacs, A., and Pal, B. (2017). Astrocyte-dependent slow inward currents (SICs)
participate in neuromodulatory mechanisms in the pedunculopontine nucleus
(PPN). Front. Cell Neurosci. 11:16. doi: 10.3389/fncel.2017.00016

Krystal, J. H., Sanacora, G., and Duman, R. S. (2013). Rapid-acting glutamatergic
antidepressants: the path to ketamine and beyond. Biol. Psychiatry 73, 1133–
1141. doi: 10.1016/j.biopsych.2013.03.026

Largo, C., Cuevas, P., Somjen, G. G., Martin, R., and del Rio Herreras, O. (1996).
The effect of depressing glial function in rat brain in situ on ion homeostasis,
synaptic transmission, and neuron survival. J. Neurosci. 16, 1219–1229.
doi: 10.1523/jneurosci.16-03-01219.1996

Lee, U., Mashour, G. A., Kim, S., Noh, G. J., and Choi, B. M. (2009). Propofol
induction reduces the capacity for neural information integration: implications
for the mechanism of consciousness and general anesthesia. Conscious. Cogn.
18, 56–64. doi: 10.1016/j.concog.2008.10.005

Li, N., Lee, B., Liu, R. J., Banasr, M., Dwyer, J. M., Iwata, M., et al. (2010).
mTOR-dependent synapse formation underlies the rapid antidepressant effects
of NMDA antagonists. Science 329, 959–964. doi: 10.1126/science.1190287

Link, E., Edelmann, L., Chou, J. H., Binz, T., Yamasaki, S., Eisel, U., et al.
(1992). Tetanus toxin action: inhibition of neurotransmitter release linked to
synaptobrevin proteolysis. Biochem. Biophys. Res. Commun. 189, 1017–1023.
doi: 10.1016/0006-291x(92)92305-h

Liu, R. J., Lee, F. S., Li, X. Y., Bambico, F., Duman, R. S., and Aghajanian, G. K.
(2012). Brain-derived neurotrophic factor Val66Met allele impairs basal and
ketamine-stimulated synaptogenesis in prefrontal cortex. Biol. Psychiatry 71,
996–1005. doi: 10.1016/j.biopsych.2011.09.030

Liu, X., Gangoso, E., Yi, C., Jeanson, T., Kandelman, S., Mantz, J., et al. (2016).
General anesthetics have differential inhibitory effects on gap junction channels
and hemichannels in astrocytes and neurons. Glia 64, 524–536. doi: 10.1002/
glia.22946

Lopez-Hidalgo, M., Kellner, V., and Schummers, J. (2017). Astrocyte calcium
responses to sensory input: influence of circuit organization and experimental
factors. Front. Neural Circuits 11:16. doi: 10.3389/fncir.2017.00016

Lord, B., Wintmolders, C., Langlois, X., Nguyen, L., Lovenberg, T., and
Bonaventure, P. (2013). Comparison of the ex vivo receptor occupancy profile
of ketamine to several NMDA receptor antagonists in mouse hippocampus.
Eur. J. Pharmacol. 715, 21–25. doi: 10.1016/j.ejphar.2013.06.028

Mantz, J., Delumeau, J. C., Cordier, J., and Petitet, F. (1994). Differential effects
of propofol and ketamine on cytosolic calcium concentrations of astrocytes in
primary culture. Br. J. Anaesth. 72, 351–353. doi: 10.1093/bja/72.3.351

Martín, E. D., Fernández, M., Perea, G., Pascual, O., Haydon, P. G., Araque, A.,
et al. (2007). Adenosine released by astrocytes contributes to hypoxia-induced
modulation of synaptic transmission. Glia 55, 36–45. doi: 10.1002/glia.20431

Matthias, K., Kirchhoff, F., Seifert, G., Hüttmann, K., Matyash, M., Kettenmann,
H., et al. (2003). Segregated expression of AMPA-type glutamate receptors
and glutamate transporters defines distinct astrocyte populations in the mouse
hippocampus. J. Neurosci. 23, 1750–1758. doi: 10.1523/jneurosci.23-05-01750.
2003

Miyazaki, H., Nakamura, Y., Arai, T., and Kataoka, K. (1997). Increase of glutamate
uptake in astrocytes: a possible mechanism of action of volatile anesthetics.
Anesthesiology 86, 1359–1366. doi: 10.1097/00000542-199706000-00018

Muyderman, H., Angehagen, M., Sandberg, M., Björklund, U., Olsson, T.,
Hansson, E., et al. (2001). Alpha 1-adrenergic modulation of metabotropic
glutamate receptor-induced calcium oscillations and glutamate release in
astrocytes. J. Biol. Chem. 276, 46504–46514. doi: 10.1074/jbc.M103849200

Nagy, I. J., and Rash, J. E. (2000). Connexins and gap junctions of astrocytes
and oligodendrocytes in the CNS. Brain Res. Brain Res. Rev. 32, 29–44. doi:
10.1016/s0165-0173(99)00066-1

Nakanishi, S., Nakajima, Y., Masu, M., Ueda, Y., Nakahara, K., Watanabe, D., et al.
(1998). Glutamate receptors: brain function and signal transduction. Brain Res.
Brain Res. Rev. 26, 230–235.

Oliveira, J. F., Sardinha, V. M., Guerra, S., Araque-Gomes, A., and Sousa, N. (2015).
Do stars govern our actions? Astrocyte involvement in rodent behavior. Trends
Neurosci. 38, 535–549. doi: 10.1016/j.tins.2015.07.006

Pannasch, U., and Rouach, N. (2013). Emerging role for astroglial networks
in information processing: from synapse to behavior. Trends Neurosci. 36,
405–417. doi: 10.1016/j.tins.2013.04.004

Parys, B., Cote, A., Gallo, V., De, P., and Sik Koninck, A. (2010). Intercellular
calcium signaling between astrocytes and oligodendrocytes via gap junctions in
culture. Neuroscience 167, 1032–1043. doi: 10.1016/j.neuroscience.2010.03.004

Perea, G., Sur, M., and Araque, A. (2014a). Neuron-glia networks. Integral gear of
brain function. Front. Cell Neurosci. 8:378. doi: 10.3389/fncel.2014.00378

Perea, G., Yang, A., Boyden, E. S., and Sur, M. (2014b). Optogenetic astrocyte
activation modulates response selectivity of visual cortex neurons in vivo. Nat.
Commun. 5:3262. doi: 10.1038/ncomms4262

Pirttimaki, M. T., and Parri, H. R. (2012). Glutamatergic input-output properties of
thalamic astrocytes. Neuroscience 205, 18–28. doi: 10.1016/j.neuroscience.2011.
12.049

Pirttimaki, T. M., Hall, S. D., and Parri, H. R. (2011). Sustained neuronal
activity generated by glial plasticity. J. Neurosci. 31, 7637–7647. doi: 10.1523/
JNEUROSCI.5783-10.2011

Plourde, G., and Arseneau, F. (2017). Attenuation of high-frequency (30-200
Hz) thalamocortical EEG rhythms as correlate of anaesthetic action: evidence
from dexmedetomidine. Br. J. Anaesth. 119, 1150–1160. doi: 10.1093/bja/ae
x329

Porter, T. J., and McCarthy, K. D. (1996). Hippocampal astrocytes in situ respond
to glutamate released from synaptic terminals. J. Neurosci. 16, 5073–5081. doi:
10.1523/jneurosci.16-16-05073.1996

Rathmell, P. J., and Wanderer, J. P. (2016). unraveling the neurobiology
of consciousness: anesthesia, loss of behavioral response to stimuli, and
functional connectivity in the brain. Anesthesiology 124:A21. doi: 10.1097/01.
anes.0000480996.68425.66

Schummers, J., Yu, H., and Sur, M. (2008). Tuned responses of astrocytes and their
influence on hemodynamic signals in the visual cortex. Science 320, 1638–1643.
doi: 10.1126/science.1156120

Shigetomi, E., Bowser, D. N., Sofroniew, M. V., and Khakh, B. S. (2008). Two
forms of astrocyte calcium excitability have distinct effects on NMDA receptor-
mediated slow inward currents in pyramidal neurons. J. Neurosci. 28, 6659–
6663. doi: 10.1523/JNEUROSCI.1717-08.2008

Sitar, S. M., Hanifi, P., Gelb-Moghaddam, A., Cechetto, D. F., Siushansian,
R., and Wilson, J. X. (1999). Propofol prevents peroxide-induced inhibition
of glutamate transport in cultured astrocytes. Anesthesiology 90, 1446–1453.
doi: 10.1097/00000542-199905000-00030

Thrane, A. S., Rangroo Thrane, V., Zeppenfeld, D., Lou, N., Xu, Q., Nagelhus, E. A.,
et al. (2012). General anesthesia selectively disrupts astrocyte calcium signaling

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 June 2019 | Volume 13 | Article 240

https://doi.org/10.1016/j.neuron.2014.02.007
https://doi.org/10.1016/j.neuron.2014.02.007
https://doi.org/10.1016/j.biopsych.2008.06.008
https://doi.org/10.1016/j.biopsych.2008.06.008
https://doi.org/10.1124/jpet.110.172544
https://doi.org/10.1016/bs.pbr.2018.07.008
https://doi.org/10.2174/1570159X11311030002
https://doi.org/10.2174/1570159X11311030002
https://doi.org/10.1016/j.neuropharm.2012.04.027
https://doi.org/10.1016/j.neuron.2004.08.011
https://doi.org/10.1016/j.neuron.2004.08.011
https://doi.org/10.1038/nrn2372
https://doi.org/10.1038/nrn2372
https://doi.org/10.1124/dmd.117.078360
https://doi.org/10.1124/dmd.117.078360
https://doi.org/10.3389/fncel.2017.00016
https://doi.org/10.1016/j.biopsych.2013.03.026
https://doi.org/10.1523/jneurosci.16-03-01219.1996
https://doi.org/10.1016/j.concog.2008.10.005
https://doi.org/10.1126/science.1190287
https://doi.org/10.1016/0006-291x(92)92305-h
https://doi.org/10.1016/j.biopsych.2011.09.030
https://doi.org/10.1002/glia.22946
https://doi.org/10.1002/glia.22946
https://doi.org/10.3389/fncir.2017.00016
https://doi.org/10.1016/j.ejphar.2013.06.028
https://doi.org/10.1093/bja/72.3.351
https://doi.org/10.1002/glia.20431
https://doi.org/10.1523/jneurosci.23-05-01750.2003
https://doi.org/10.1523/jneurosci.23-05-01750.2003
https://doi.org/10.1097/00000542-199706000-00018
https://doi.org/10.1074/jbc.M103849200
https://doi.org/10.1016/s0165-0173(99)00066-1
https://doi.org/10.1016/s0165-0173(99)00066-1
https://doi.org/10.1016/j.tins.2015.07.006
https://doi.org/10.1016/j.tins.2013.04.004
https://doi.org/10.1016/j.neuroscience.2010.03.004
https://doi.org/10.3389/fncel.2014.00378
https://doi.org/10.1038/ncomms4262
https://doi.org/10.1016/j.neuroscience.2011.12.049
https://doi.org/10.1016/j.neuroscience.2011.12.049
https://doi.org/10.1523/JNEUROSCI.5783-10.2011
https://doi.org/10.1523/JNEUROSCI.5783-10.2011
https://doi.org/10.1093/bja/aex329
https://doi.org/10.1093/bja/aex329
https://doi.org/10.1523/jneurosci.16-16-05073.1996
https://doi.org/10.1523/jneurosci.16-16-05073.1996
https://doi.org/10.1097/01.anes.0000480996.68425.66
https://doi.org/10.1097/01.anes.0000480996.68425.66
https://doi.org/10.1126/science.1156120
https://doi.org/10.1523/JNEUROSCI.1717-08.2008
https://doi.org/10.1097/00000542-199905000-00030
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00240 June 11, 2019 Time: 15:43 # 12

Zhang et al. Ketamine Inhibits Astrocytic SICs

in the awake mouse cortex. Proc. Natl. Acad. Sci. U.S.A. 109, 18974–18979.
doi: 10.1073/pnas.1209448109

Yaguchi, T., and Nishizaki, T. (2010). Extracellular high K+ stimulates vesicular
glutamate release from astrocytes by activating voltage-dependent calcium
channels. J. Cell Physiol. 225, 512–518. doi: 10.1002/jcp.22231

Yang, C. H., Shyr, M. H., Kuo, T. B., Tan, P. P., and Chan, S. H. (1995). Effects of
propofol on nociceptive response and power spectra of electroencephalographic
and systemic arterial pressure signals in the rat: correlation with plasma
concentration. J. Pharmacol. Exp. Ther. 275, 1568–1574.

Yang, H., Liang, G., Hawkins, B. J., Madesh, M., Pierwola, A., and Wei, H. (2008).
Inhalational anesthetics induce cell damage by disruption of intracellular
calcium homeostasis with different potencies. Anesthesiology 109, 243–250.
doi: 10.1097/ALN.0b013e31817f5c47

Ye, Z. C., Wyeth, M. S., Baltan, S., and Ransom-Tekkok, B. R. (2003). Functional
hemichannels in astrocytes: a novel mechanism of glutamate release. J. Neurosci.
23, 3588–3596. doi: 10.1523/jneurosci.23-09-03588.2003

Yeh, C. W., Yeh, S. H., Shie, F. S., Lai, W. S., Liu, H. K., Tzeng, T. T.,
et al. (2015). Impaired cognition and cerebral glucose regulation are
associated with astrocyte activation in the parenchyma of metabolically
stressed APPswe/PS1dE9 mice. Neurobiol. Aging 36, 2984–2994. doi: 10.1016/j.
neurobiolaging.2015.07.022

Yoshizumi, M., Eisenach, J. C., and Hayashida, K. (2012). Riluzole
and gabapentinoids activate glutamate transporters to facilitate
glutamate-induced glutamate release from cultured astrocytes.
Eur. J. Pharmacol. 677, 87–92. doi: 10.1016/j.ejphar.2011.
12.015

Zeng, J. W., Liu, X. H., Zhang, J. H., Wu, X. G., and Ruan, H. Z. (2008).
P2Y1 receptor-mediated glutamate release from cultured dorsal spinal cord
astrocytes. J. Neurochem. 106, 2106–2118. doi: 10.1111/j.1471-4159.2008.
05560.x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Zhang, Wu, Xie, Yu, Zhang, Liu, Zhou and Yu. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 June 2019 | Volume 13 | Article 240

https://doi.org/10.1073/pnas.1209448109
https://doi.org/10.1002/jcp.22231
https://doi.org/10.1097/ALN.0b013e31817f5c47
https://doi.org/10.1523/jneurosci.23-09-03588.2003
https://doi.org/10.1016/j.neurobiolaging.2015.07.022
https://doi.org/10.1016/j.neurobiolaging.2015.07.022
https://doi.org/10.1016/j.ejphar.2011.12.015
https://doi.org/10.1016/j.ejphar.2011.12.015
https://doi.org/10.1111/j.1471-4159.2008.05560.x
https://doi.org/10.1111/j.1471-4159.2008.05560.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Ketamine Within Clinically Effective Range Inhibits Glutamate Transmission From Astrocytes to Neurons and Disrupts Synchronization of Astrocytic SICs
	HIGHLIGHTS
	Introduction
	Materials and Methods
	Animals
	Slice Preparation
	Electrophysiology
	Pharmacology
	Astrocytes Culture
	Immunofluorescence
	Analysis of Extracellular Glutamate Concentration
	Data Collection and Analysis

	Results
	SICs Is Generated by Glutamate Release From Astrocytes
	The Astrocytic Glutamatergic Transmission Was Inhibited by Ketamine at a Clinically Relevant Concentration
	Synchronization of Astrocytic SICs Was Inhibited by Ketamine
	Ketamine Exerts No Effects on the Astrocytic Glutamate Release
	Ketamine-Induced Inhibition of SICs Is Mediated by GluN1/GluN2B Receptors
	Astrocytic SICs Are More Sensitive to Ketamine Than Synaptic mEPSCs

	Discussion
	Conclusion
	Author Contributions
	Funding
	References


