EBioMedicine 65 (2021) 103272

Contents lists available at ScienceDirect

EBioMedicine

journal homepage: www.elsevier.com/locate/ebiom

Research paper

Cell-type-specific imaging of neurotransmission reveals a disrupted
excitatory-inhibitory cortical network in isoflurane anaesthesia

Check for
updates

Juan Guo™*, Mingzi Ran**, Zilong Gao®, Xinxin Zhang”, Dan Wang?, Huiming Li®, Shiyi Zhao?,
Wenzhi Sun™“*, Hailong Dong**, Ji Hu®*&*

2 Department of Anaesthesiology and Perioperative Medicine, Xijing Hospital, The Fourth Military Medical University, Xi'an 710032, China
Y Chinese Institute for Brain Research, Beijing 102206, China

¢ School of Basic Medical Sciences, Capital Medical University, Beijing 10069, China

4 School of Life Science and Technology, ShanghaiTech University, Shanghai 201210, China

€ Shanghai Key Laboratory of Psychotic Disorders, Shanghai Mental Health Center, Shanghai 200030, China

f Co-Innovation Center of Neuroregeneration, Nantong University, Nantong 226000, China

& CAS Center for Excellence in Brain Science and Intelligence Technology, Shanghai 200030, China

ARTICLE INFO ABSTRACT
Article History: Background: Despite the fundamental clinical significance of general anaesthesia, the cortical mechanism
Received 16 December 2020 underlying anaesthetic-induced loss of consciousness (aLOC) remains elusive.

Revised 6 February 2021
Accepted 19 February 2021
Available online xxx

Methods: Here, we measured the dynamics of two major cortical neurotransmitters, gamma-aminobutyric
acid (GABA) and glutamate, through in vivo two-photon imaging and genetically encoded neurotransmitter
sensors in a cell type-specific manner in the primary visual (V1) cortex.
Findings: We found a general decrease in cortical GABA transmission during aLOC. However, the glutamate
transmission varies among different cortical cell types, where in it is almost preserved on pyramidal cells
and is significantly reduced on inhibitory interneurons. Cortical interneurons expressing vasoactive intestinal
peptide (VIP) and parvalbumin (PV) specialize in disinhibitory and inhibitory effects, respectively. During
aLOC, VIP neuronal activity was delayed, and PV neuronal activity was dramatically inhibited and highly
synchronized.
Interpretation: These data reveal that aLOC resembles a cortical state with a disrupted excitatory-inhibitory
network and suggest that a functional inhibitory network is indispensable in the maintenance of
consciousness.
Funding: This work was supported by the grants of the National Natural Science Foundation of China (grant
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network during aLOC [14]. To date, cortical neurotransmission has
mainly been measured by ex vivo electrophysiology recording of
receptor-mediated currents [15—18] or by in vivo microdialysis fol-
lowed by quantification through high-performance liquid chroma-
tography (HPLC) [19-21]. However, these methods generally lack
cell-type specificity, and the spatiotemporal resolution needed to
accurately dissect neurotransmitter transients in the complex cortical
network during aLOC occurred transitorily within tens of seconds.
The elaborate cortical network is mainly composed of excitatory
pyramidal cells (PCs) and three molecularly distinct inhibitory inter-
neurons expressing parvalbumin (PV), somatostatin (SOM), or vasoac-
tive intestinal peptide (VIP) [22—27]. They form a complex cortical
neural network through synaptic interconnections releasing gamma-
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1. Introduction

General anaesthesia is widely applied in clinical practice, and the
estimated number of surgical procedures worldwide exceeds 300 mil-
lion each year [1]. However, the cortical mechanisms underlying
anaesthetic-induced loss of consciousness (aLOC) remain elusive
[2—4]. Previous studies have focused on the effect of anaesthetics on
functional connectivity within the cortical network [5—13]. Unravel-
ling the dynamics of neurotransmission is the foundation of under-
standing the precise functional connectomics within the cortical
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Research in context

Evidence before this study

General anaesthesia is widely applied in clinical practice, yet
the cortical mechanisms by which general anaesthetics induce
loss of consciousness (aLOC) remains unclear. Disrupted func-
tional connectivity within the cortical network is implicated in
aLOC. Cortical neurotransmission has mainly been measured by
ex vivo electrophysiology recording and by in vivo microdialy-
sis. There is little research on the in vivo cortical neurotrans-
mission underlying general anaesthesia with cell-type
specificity and high spatiotemporal resolution.

Added value of this study

Using in vivo two-photon imaging and genetically encoded fluo-
rescent indicators, we systematically investigate the GABA/gluta-
mate/calcium dynamics of the primary visual cortex with cell-
type specificity during isoflurane anaesthesia. The cortical GABA
transmission was generally decreased without cell-type specific-
ity. Glutamate transmission varied among different cortical cell
types: it was almost preserved in pyramidal cells and was signifi-
cantly reduced in inhibitory interneurons. The activity of inhibi-
tory interneurons exhibited a distinct response pattern during
aLOC, with VIP interneurons showing delayed inhibition and PV
interneurons displaying rapid and significant inhibition.

Implication of all the available evidence

These findings reveal a disrupted excitatory-inhibitory cortical
network during aLOC and suggest that the inhibitory network
plays a vital role in the maintenance of consciousness. Besides,
this study provides new insight for understanding the mecha-
nism of general anaesthesia.

newly developed genetically encoded fluorescent sensors of iGABASnFR
[31] and iGluSnFR [32] have allowed tracking of the GABA and gluta-
mate dynamics of the brain with high spatiotemporal resolution. Com-
bined with two-photon fluorescence microscopy and transgenic Cre
mice, the GABA and glutamate neurotransmission of specific cell types
within the cortical network can be accessible under rapid brain state
transitions, which would contribute to revealing the cortical excitatory-
inhibitory network dynamics at the mesoscale during aLOC.

Here, we systematically investigated the GABA and glutamate
dynamics of excitatory neurons and three major inhibitory neuron
subtypes in layer 2/3 of the primary visual (V1) cortex during aLOC.
We focused on the layer 2/3 of the cortex because it is a critical struc-
ture of intracortical information integration [33—35]. We found a gen-
eral decrease in cortical GABA transmission during aLOC. However, the
glutamate transmissions onto different cortical cell types are different,
where in it is almost preserved onto pyramidal cells and is significantly
reduced onto inhibitory interneurons. These data revealed an anaes-
thetic-induced cortical state with a disrupted excitatory-inhibitory
network. In addition, the activity of inhibitory interneurons exhibited
a distinct response pattern during aLOC, among which VIP interneur-
ons showed delayed inhibition and PV interneurons showed rapid and
significant inhibition, suggesting that a functional inhibitory network
is indispensable in the maintenance of consciousness.

2. Methods
2.1. Ethics

Animal care and use strictly followed institutional guidelines and
governmental regulations. All experiments were performed exactly

as approved by the IACUC (20180605) at the Fourth Military Medical
University and the IACUC (2020040700 [2]) at ShanghaiTech Univer-
sity.

2.2. Animals

The following mice (2-4 months old) were used in the experi-
ments: VIP-ires-Cre, JAX Stock No. 010908; PV-ires-Cre, JAX Stock No.
008069; SOM-ires-Cre, JAX Stock No. 013044; and C57BL/6], JAX Stock
No. 000664. Mice were maintained on a 12 h day/12 h night cycle at a
constant temperature (24 + 2 °C) and humidity (60 + 2%) with ad
libitum access to food and water (the National Center for Protein Sci-
ence, Shanghai).

2.3. Virus injection and chronic cranial window surgery

AAV vectors containing DIO-iGluSnFR and DIO-iGABASnFR were
packaged into the AAV2/9 serotype with titres of 1-5 x 10'2 viral par-
ticles per ml. C57BL/6] mice were injected with the 1:1 virus mixture
of AAV-CAMKII-cre with AAV-DIO-GCaMP6m, AAV-DIO-iGABASNFR,
or AAV-DIO-iGluSnFR prepared on the day of injection. Inhibitory
interneuron transgenic mice were directly injected with AAV-DIO-
GCaMP6m, AAV-DIO-iGABASNFR, or AAV-DIO-iGluSnFR. Virus injec-
tion and chronic cranial window implantation procedures have been
described previously [36]. Briefly, mice were anaesthetized with pen-
tobarbital (100 mg/kg, i.p.) and mounted in a stereotactic instrument
[37:38]. Eye cream was applied to the eyes of mice to prevent dehydra-
tion. Under sterile surgical conditions, a small craniotomy (~2.5 mm
diameter) was made over the V1 cortex (centre coordinate: 2.5 mm
lateral and 2.5 mm posterior to bregma). Using a microsyringe pump
(MO10), 30-50 nl/site of the viral solution was slowly injected into
the V1 cortex (400 pm below the pia). The craniotomy was then cov-
ered with a circular glass coverslip (2.5 mm diameter, Thermo Fisher
Scientific, Germany) and fixed with Krazy Glue (Roti Coll-1, CarlRoth,
Germany). A titanium head post was then implanted in the exposed
skull with glue and cemented with dental acrylic (Paladur, Heraeus
Kulzer, Germany). Two stainless steel screws for EEG recording were
inserted into the left side of the skull and fixed with dental acrylic. In
vivo imaging and EEG recording were carried out after 2—4 weeks of
recovery and habituation for head fixation.

2.4. Two-photon imaging and EEG recording

Mice were placed on the head-fixation apparatus. Anaesthesia
was induced and maintained by 1.2% isoflurane with pure O, at a
flow rate of 1 L/min. During anaesthesia, two-photon and EEG signals
were recorded at the same time. The calcium, GABA, and glutamate
activity of layer 2/3 (~60—280 pm below the pia) neurons in the V1
was imaged using a Scientific two-photon laser scanning microscope
[36]. The intensity of the excitation from a tunable femtosecond laser
(Coherent Ultra II) was controlled by a Pockel Cell. The excitation
laser was focused using a 20x/1 NA water immersion objective. Cells
labelled with genetically encoded fluorescence indicators AAV-
GCaMP6m, AAV-iGABASNnFR, and AAV-iGluSnFR were excited at
920 nm at approximately 60 mW. Green emitted fluorescence was
collected through a 50 nm bandpass filter centred at 525 nm. Frames
of 512 x 512 pixels (approximately 440 um x 380 wm) were
acquired at ~31 Hz using resonant scanning. EEG signals were contin-
uously recorded by a Powerlab 16/35 amplifier system (PL3516, AD
Instruments, Australia) and LabChart software at a sampling fre-
quency of 1000 Hz.

2.5. Immunohistochemistry

To confirm the specific expression of the genetically encoded indi-
cators GCaMP6m, iGABASNnFR, and iGluSnFR in pyramidal, PV, SOM,
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and VIP neurons, we performed glutamate/PV/SOM/VIP immunohis-
tochemistry. The mice were deeply anaesthetized with pentobarbital
and then transcardially perfused with saline followed by 4% parafor-
maldehyde (PFA) in PBS [37—40]. The brain was postfixed in 4% PFA
for 2 h at 4 °C and then placed in 30% sucrose solution overnight. The
V1 sections were cut into 40 ym coronal slices using a cryostat (Leica,
CM1900, Germany) and incubated for 2 h in blocking solution (5%
bovine serum albumin and 0.3% Triton X-100 in PBS). Next, slices
were incubated for 24—72 h at 4 °C with one of the following primary
antibodies: 1:1000 dilution of anti-glutamate rabbit (#G6642, RRID:
AB_259946, Sigma-Aldrich), 1:500 dilution of anti-parvalbumin rab-
bit (#ab11427, RRID: AB_298032, Abcam), 1:1000 dilution of anti-
somatostatin rabbit (#T-4103, RRID: AB_518614, Peninsula Laborato-
ries International, Inc.), or 1:500 dilution of anti-VIP rabbit (#20077,
RRID: AB_572270, Immunostar, Inc.). After washing with PBS thor-
oughly, slices were stained with secondary antibody, Alexa Fluor 594
donkey anti-rabbit IgG secondary antibody (1:1000, Jackson Immu-
noResearch), for 2 h at room temperature. Subsequently, slices were
washed three times with PBS and mounted onto glass slides. Finally,
confocal microscopy images were acquired with a Leica SP8 using 20x
and 40x objectives. All images were analysed with Image] software.

2.6. Two-photon data pre-processing

Imaging stacks were analysed with custom programs written in
MATLAB (Mathworks) [36]. Imaging data were first corrected for
motion-induced frameshift in the x and y directions using a cross-
correlation-based registration algorithm. Regions of interest (ROIs)
were manually selected in FIJI. The averaged fluorescent signal within
the ROI was used to calculate calcium transients. We calculated the
activity of calcium, GABA, and glutamate as AF/F (%) = (F — FO0)/
FO x 100, where FO was determined by the mode of the fluorescence
intensity histogram. The noise (neuropil) background was subtracted
from every trace, and a digital smoothing filter was used to smooth
the traces. Then, the data were used for further analysis. AF/F values
of calcium, GABA, and glutamate are presented as average plots with
a shaded area indicating s.e.m.

2.7. AF/Fana-awake) and slope

To evaluate the activity of cortical neurons during anaesthetic-
induced LOC, we sought out the minimum point after administration
of isoflurane through the derivation of the AF/F of each neuron. AF/
Fana Was the average value of AF/F within one minute centered on
the minimum point. Time,,, was the time of the minimum point. AF/
Fawake Was the average signal of the AF/F of each neuron within 3
minutes before the administration of isoflurane. AF/F.,,; was the
average signal of the AF/F value within 1 min after isoflurane admin-
istration.

AF/F(Ana—awake) = AF/Fana - AF/Fawake
AF/F(Arml—awake) = AF/Fana] - AF/Fawake

Slope = AF/Fana/Timeana

AF[Fana-awake) reflects the activity of cortical neurons during
anaesthetic-induced LOC, and the slope represents the neuronal sup-
pression level per unit time. We analysed the percentage of AF/Fiana1-
awake) > 0 of each subtype of cortical neurons.

2.8. Calcium events

To evaluate the specific calcium response pattern of inhibitory
interneurons during anaesthetic-induced LOC, we calculated the ‘cal-
cium events’ of the cortical neurons from 3-6 min after

administration of isoflurane. The baseline was determined by the
mode of the AF/F histogram. The threshold was established by the AF/
F of baseline plus five standard deviations. The extreme points above
the threshold of AF/F trace (within 3—6 min after isoflurane adminis-
tration) were processed with a digital Butterworth lowpass filter at
0.05 Hz. The number of extreme points and the sum of AF/F points
above the threshold were defined as the ‘calcium events’ and ‘total
calcium activity’.

2.9. Correlation analysis

The AFJF traces were segmented into three intervals: the awake
stage (corresponding to the interval within 3 min before isoflurane
administration) and two isoflurane anaesthesia stages (iso-1 and iso-
2, corresponding to the intervals of 0—3 min and 3—6 min after iso-
flurane administration, respectively). To evaluate neuronal syn-
chrony under different stage, Pearson's pairwise correlation
coefficient (Pearson’s r) was computed between AF/F traces of neu-
ron pairs within the same field of view (FOV). The cumulative per-
centage reported the correlation coefficient of population data within
cell type (correlations were prefiltered for a significance level of
p < 0.05). We analysed the percentage of r values > 0.4 for each sub-
type of cortical neurons.

2.10. EEG analysis

The spectrum and burst suppression ratio (BSR) of the raw data
filtered at 0.3—250 Hz were generated with custom programs written
in MATLAB. The method for BSR quantification has been described
previously [41'42]. Briefly, the EEG with burst suppression waves was
characterized by periods of isoelectric activity and high-voltage activ-
ity. The suppression wave was determined when the duration of iso-
electric activity was above 0.5 s. The BSR was the percentage of
suppression wave (by time) within 1 min. The spectral analysis was
performed by the MATLAB signal processing toolbox based on previ-
ous methods [42'43]. The data were processed with a fast Fourier
transform to provide the absolute power spectrum of the frequency
band. The power of gamma frequency (y: 25—-150 Hz) per minutes
was calculated within 3 min before and 10 min after isoflurane
administration. The value y-awake was quantified as the average
gamma power before isoflurane exposure. To avoid individual differ-
ences, the gamma power of each minute was normalized with
y-awake as the benchmark.

Normalized_y = (y — y_awake)/y_awake

2.11. Statistical analyses

The t test, Mann-Whitney test, Wilcoxon test, Kruskal-Wallis one-
way ANOVA, and Chi-square test were used to analyse the signifi-
cance of the data. Parametric tests were used to analyse the data with
Gaussian distribution, otherwise nonparametric tests were used. The
corresponding statistical test is indicated in each figure and supple-
mentary tables. In all cases, p < 0.05 was considered statistically sig-
nificant. Asterisks denote statistical significance, *p < 0.05;
*p < 0.01; **p < 0.001; ***p < 0.0001. Unless otherwise indicated,
data are expressed as the mean =+ SD.

2.12. Role of the funding source

Financial support was provided by the National Natural Science
Foundation of China. The funder of the study had nothing to do with
the study design, data collection, data analysis, data interpretation, or
writing of the report. The corresponding author had full access to all
the data in the study and had final responsibility for the decision to
submit for publication.
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Fig. 1. In vivo chronic two-photon imaging of cortical GABA and glutamate dynamics with cell-type specificity during aLOC. a Core experimental procedures including virus

injection, cranial window surgery, adaption, and recording process. b The GABA and gl
(V1) cortex. c Illustration showing the working mechanisms of iGABASnFR and iGluSnF

utamate input to the pyramidal, PV, SOM, and VIP neurons in layer 2/3 of the primary visual
R sensors. d Left image: a representative field of view (FOV) of iGABASNFR from a VIP-ires-cre

mouse. Scale bar: 50 m. Right image: schematic of the experimental setup for two-photon imaging and EEG recording during isoflurane anaesthesia.

3. Results

3.1. Invivo chronic two-photon imaging of cortical GABA and
glutamate dynamics with cell-type specificity during aLOC

To systematically examine the GABA and glutamate transmission
dynamics of the cortical network during aLOC with cell subtype spec-
ificity and high spatiotemporal resolution, we used in vivo two-pho-
ton imaging (Fig. 1d) to record the GABA and glutamate dynamics of
pyramidal cells as well as three major inhibitory neuron populations
(PV, SOM, and VIP interneurons) in layer 2/3 of the V1 cortex during
induction of isoflurane anaesthesia (Fig. 1b, ¢, and Fig. 2b). In this
study, genetically encoded fluorescent indicators of iGABASnFR [31]
and iGluSnFR [32] were used to report the transients of GABA and
glutamate, respectively (Fig. 1c). We performed viral stereotactical
injection and cranial window surgery of V1 in C57BL/6], PV-ires-Cre,
SOM-ires-Cre, and VIP-ires-Cre mice to label pyramidal, PV, SOM, and
VIP neurons. After 2—4 weeks of recovery and 3 days of adaption,
mice were placed in a head-fixation apparatus (Fig. 1d, right panel)
and administered 1.2% isoflurane in pure oxygen at a rate of 1 L/min
through a customized plastic tube during the imaging process
(Fig. 14, also see Methods). 1.2% isoflurane can keep the mice in a sta-
ble unconscious state and minimize the impact on their hemody-
namic and blood chemistry [1044'45]. The GABA and glutamate
activity of pyramidal, PV, SOM, and VIP neurons were dynamic during
isoflurane-induced LOC, indicating the technical feasibility of GABA
and glutamate imaging (Fig. 2¢ and Fig. 3b). The left panel of Fig. 1d

shows one representative imaging field of view (FOV). After the
imaging process, we confirmed the specific expression of iGABASnFR
and iGluSnFR in pyramidal, PV, SOM, and VIP neurons through immu-
nofluorescence technology (also see Methods, Supplementary Fig. 2a,
Fig. 3a, and Supplementary Fig. 4a).

In addition, we recorded the electroencephalogram (EEG) to
assess the consciousness state during the induction of isoflurane
(Supplementary Fig. 1a). Anaesthetic-induced loss and recovery of
consciousness are closely associated with the attenuation and aug-
mentation of electroencephalographic gamma activity [46—-48]. Con-
sidering the individual differences in electroencephalographic
gamma activity of mice during the awake state, we analysed the nor-
malized gamma power during induction of isoflurane anaesthesia
(also see Methods). In addition, the emergence of the burst suppres-
sion pattern of EEG is an indicator of brain transition from mild
anaesthesia to deep anaesthesia [41]. The results showed a gradual
reduction in normalized gamma power (Supplementary Fig. 1b) and
ramping burst suppression ratio (BSR, Supplementary Fig. 1c) within
10 minutes after isoflurane administration. The normalized gamma
power in the third minute after isoflurane administration was signifi-
cantly decreased compared to that of the awake state (—0.64 4+ 0.25
vs. 04+ 0, n =15 mice, H=103.5, p = 0.0056) (Supplementary Fig. 1b).
The BSR at the fifth minute after isoflurane administration was signif-
icantly increased compared to that of the awake state (8.95 + 11.16%
vs. 0 + 0%, n = 15 mice, H = 81.9, p = 0.0007) (Supplementary Fig. 1c).
These results showed the stable brain state transition from awake to
unconscious in mice in the custom-made isoflurane inhalation
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apparatus. In summary, our experimental setup permits reliable,
chronic in vivo two-photon imaging of cortical GABA and glutamate
dynamics with cell-type specificity during isoflurane-induced LOC.

3.2. Decayed GABA transmission onto each subtype of cortical neurons
under anaesthesia

We found that the GABA input onto each subtype of cortical neu-
rons was immediately decreased upon administration of isoflurane
(Fig. 2¢). Within one minute of exposure to isoflurane, more than 80%
of neurons within each subtype of cortical neurons received
decreased GABA input (PC, 84.62% out of 26 neurons from 3 mice; PV,
93.75% out of 32 neurons from 5 mice; SOM, 92.59% out of 27 neurons
from 4 mice; VIP, 96.12% out of 82 neurons from 7 mice) (Supplemen-
tary Fig. 2b). We analysed the maximum inhibitory degree of GABA
transmission under isoflurane anaesthesia (AF/F,,., see Methods
details). The results showed that isoflurane decreased the GABA input
onto pyramidal (W = —351, p < 0.0001), PV (W = —528, p < 0.0001),
SOM (t=12.42, p < 0.0001), and VIP (W = —3403, p < 0.0001) neurons
(Fig. 2d-g, Table S1). In addition, the decrease in GABA input signals
(H =17.722, p = 0.052) and the slope (the index of neuronal suppres-
sion level per unit time, H = 5.527, p = 0.137) of each subtype of corti-
cal neurons were not significantly different across subtypes,
suggesting that the GABA input to each subtype of the cortical neuron
was decreased during isoflurane-induced LOC without cell type-spe-
cific effects ((Supplementary Fig. 2¢,d, Table S2). These results dem-
onstrate a general decayed GABA transmission under anaesthesia
and suggest disrupted inhibitory neurotransmission within the corti-
cal network during aLOC.

3.3. Preserved glutamate transmission to pyramidal cells during aLOC

The glutamate input to each subtype of cortical neurons also
showed a downward trend upon the isoflurane administration
(Fig. 3b). Compared with the awake state, the glutamate input onto
pyramidal (W = —300, p < 0.0001), PV (W = —1225, p < 0.0001), SOM
(W = —-406, p < 0.0001), and VIP (W = —3570, p < 0.0001) neurons
was decreased under isoflurane anaesthesia(Fig. 3c-f, Table S1),

suggesting disrupted excitatory neurotransmission within the corti-
cal excitatory-inhibitory network during aLOC.

Interestingly, the decrease in glutamate input signals (H = 26.66,
p < 0.0001) to pyramidal cells was smaller than that of inhibitory
interneurons, and the slope (H = 35.44, p < 0.0001) of pyramidal cells
was higher than that of inhibitory interneurons, indicating a tiny glu-
tamate fluctuation of pyramidal cells compared to that of inhibitory
interneurons during LOC (Fig. 3g,i, Table S3). The times (H = 16.03)
needed for the maximum inhibition degree of pyramidal cells were
longer than those for the inhibitory interneurons (Fig. 3h, Table S3).
The results showed that glutamate dynamics vary among different
cortical cell types during aLOC, in which glutamate is almost pre-
served on pyramidal cells and is significantly reduced on inhibitory
interneurons.

The determinant of glutamate neurotransmission to inhibitory
interneurons within L2/3 is mainly derived from pyramidal cells in
the same layer [33]. We studied the activity of pyramidal cells within
L2/3 of the V1 cortex under isoflurane anaesthesia (Supplementary
Fig. 3a,b), and the results indeed showed a significantly decreased
calcium activity (W = —1081, p < 0.0001) of pyramidal cells (Supple-
mentary Fig. 3c,d, Table S1).

3.4. VIP neuronal calcium activity shows a delayed inhibition and a
synchronized response pattern during aLOC

Inhibitory interneurons are the main source for delivering GABA
within the local cortical network, among which VIP interneurons and
PV/SOM interneurons specialize in disinhibitory and inhibitory con-
trol of pyramidal cells, respectively [24'25]. The maximum inhibitory
effect of isoflurane anaesthesia on the GABA and glutamate input to
inhibitory interneurons had no cell-type specificity (Supplementary
Fig. 2c and Fig. 3g). Thus, we stereotactically infused AAV-DIO-
GCaMP6m into the V1 cortex of PV-ires-Cre, SOM-ires-Cre, and VIP-
ires-Cre mice to investigate whether the inhibitory interneurons
present an identical response pattern under anaesthesia. Immunoflu-
orescence confirmed the specific expression of the calcium indicator
GCaMP6m in PV, SOM, and VIP interneurons (Supplementary Fig. 4b).
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However, the calcium signals of PV, SOM, and VIP interneurons
under isoflurane-induced LOC exhibited distinct activity patterns
(Fig. 4a). Within one minute of exposure to isoflurane, the average
activity of VIP interneurons was the highest among the three kinds of
interneurons (H = 30.14, VIP vs. SOM: p = 0.0089; VIP vs. PV:
p < 0.0001) (Fig. 4b, Table S4). Approximately 54% of VIP interneur-
ons presented higher activity than those in the awake state, and this
ratio was higher than PV and SOM interneurons (VIP vs. SOM:
x% = 6.517, p = 0.0107; VIP vs. PV: % = 19.71, p < 0.0001) (Fig. 4c,
Table S7). To demonstrate the specific calcium activity pattern of VIP
interneurons during isoflurane-induced LOC, we quantified the ‘cal-
cium events’ of each subtype of cortical neurons (also see Methods).
The results showed that there were more calcium events in VIP inter-
neurons than in PV and SOM interneurons (H = 21.36, VIP vs. SOM:
p = 0.0215; VIP vs. PV: p < 0.0001) (Fig. 4d, Table S4). Similarly, the
total calcium activity of VIP interneurons was stronger than that of
the PV and SOM interneurons (H = 32.82, VIP vs. SOM: p < 0.0001; VIP
vs. PV: p < 0.0001) (Fig. 4e, Table S4).These results indicated that the
activity of VIP interneurons exhibited a delayed inhibitory response
during aLOC.

Next, we calculated Pearson’s linear correlation coefficient (r) of
VIP neuronal pairs during awake (within 3 minutes before isoflurane
administration) and two isoflurane anaesthesia stage (iso-1 and iso-2
are the 0—3 min and 3—6 min after isoflurane administration, respec-
tively). As shown in Fig. 4f, VIP neuronal pairs showed a higher corre-
lation profile during isoflurane anaesthesia. Compared with the
awake state, the curve of r's cumulative percentage was right-shifted
(the aggregated data were prefiltered for a significance level of
p < 0.05, Fig. 4g). The average r values during the iso-1 and iso-2
stages were higher than those during the awake state (H=114.7,p <
0.0001) (Fig. 4h, Table S6). Further analysis showed that the percent-
age of r values above 0.4 during the iso-1 and iso-2 stages was higher
than that during the awake state (awake vs. iso-1: x? = 73.58,
p < 0.0001; awake vs. iso-2: x% = 42.73, p < 0.0001) (Fig. 4i, Table S7).

These results showed the elevated synchronization of VIP neuronal
activity during aLOC.

3.5. Dramatic reduction in and high synchronization of PV neuronal
calcium activity during aLOC

Moreover, the decrease in calcium signals of PV interneurons was
larger than that of SOM interneurons (U = 642, p < 0.0001) (Fig. 5a,
Table S5). There was no difference of the inhibitory time within these
two types interneurons (U = 1139, p = 0.3614) (Fig. 5b, Table S5). The
slope, which could represent the neuronal suppression level per unit
time, of PV interneurons was lower than that of SOM interneurons
(U=656, p < 0.0001) (Fig. 5c, Table S5). These results suggested a dra-
matic reduction in PV neuronal activity.

PV and SOM neuronal pairs also showed higher synchronization
under isoflurane anaesthesia (Fig. 5e,i). The average r values during
the iso stage (0—3 min after isoflurane administration) were higher
than that during the awake state (PV: U = 4129, p < 0.0001; SOM:
U= 13014, p < 0.0001) (Fig. 5g,k, Table S6). Further analysis showed
that the percentage of r values above 0.4 during the iso stage was
higher than that during the awake state (PV: x° = 157.5, p < 0.0001;
SOM: x? =38.31, p < 0.0001) (Fig. 5h,1, Table S7).

In addition, the Pearson’s r of PV interneurons was higher than
that of SOM and VIP interneurons during induction of isoflurane
anaesthesia (H = 193, PV vs. SOM: p < 0.0001; PV vs. VIP: p < 0.0001)
(Fig. 5d, Table S6). These results indicated that each subtype of corti-
cal neurons has a specific synchronization level during anaesthetic-
induced unconsciousness, with PV interneurons being the most syn-
chronized and SOM the least.

Together, these results showed that the activity of inhibitory
interneurons is related to aLOC in a cell type-specific manner and
suggested that a functional inhibitory network is indispensable in the
maintenance of consciousness.
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4. Discussion

We combined in vivo two-photon imaging and genetically
encoded fluorescent sensors [31'32] to investigate GABA and gluta-
mate dynamics during aLOC. The results suggest that aLOC resembles
a cortical state with a disrupted excitatory-inhibitory network
(Fig. 6a,b).

Our results showed the isoflurane-induced globally decayed GABA
input onto each cortical neuronal subtype (Fig. 6b). Isoflurane
increased GABA A receptor-mediated neurotransmission in some
nucleus other than cortex, such as vPAG [30], hippocampus [49-51],

L2/3

PV
® - Glutamate
. — — — — ® - GABA
—_— _—

L4

and amygdala [52], etc. Consistent with previous studies [19:20], the
present findings suggested that volatile anaesthetics did not facilitate
GABA release within the V1 cortex and contributed to the under-
standing of the effect of isoflurane on the inhibitory neurotransmis-
sion. Glutamate is the main excitatory neurotransmitter in the cortex
[53]. Using microdialysis technology, previous studies have reported
different effects of anaesthetic on cortical glutamate dynamics,
including increased glutamate concentration within the primary cor-
tex [19] and unchanged glutamate within the prefrontal cortex [20].
Due to the limitation of spatiotemporal resolution, these results can
reflect only the averaged glutamate level of the local neuronal
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Fig. 6. Disrupted excitatory-inhibitory network within the V1 cortex during aLOC. a GABA and glutamate transmission of cortical pyramidal, PV, SOM, and VIP neurons during
the awake state. b GABA and glutamate transmission within the cortical network during aLOC: general decayed GABA transmission onto each subtype of L2/3 cortical neurons which
is mainly from the intralayer inhibitory interneurons; preserved glutamate transmission to L2/3 pyramidal cells which is mainly from the L4 pyramidal cells.
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population under stable anaesthesia and are far from sufficient to
reveal the glutamate transients during the induction of unconscious-
ness. Interestingly, our results showed diverse glutamate transients
onto excitatory neurons and inhibitory interneurons during aLOC, in
which glutamate transmission to pyramidal cells is relatively
unchanged compared with the significant reduction to inhibitory
interneurons (Fig. 6b). Pyramidal cells in L2/3 receive dense gluta-
mate input from L4, and inhibitory interneurons receive dense gluta-
mate input from the lateral projection of pyramidal cells within L2/3
[33'54]. Based on the anatomical connection of the local cortical net-
work, our results indicated preserved feedforward glutamatergic sig-
nalling with cell-subtype specificity and layer specificity during
anaesthetic-induced unconsciousness. Specifically, pyramidal cells
rather than interneurons in L2/3 mainly receive feedforward gluta-
matergic input from L4 but cannot transmit this signal to down-
stream inhibitory neurons within L2/3 under anaesthesia. Overall,
the results revealed a considerably richer picture of the preserved
feedforward functional cortical connectivity and intracolumnar infor-
mation disintegration during isoflurane anaesthesia.

Inhibitory interneurons are essential for maintaining cortical net-
work dynamics [27]. The present results show that the activity of
inhibitory interneurons exhibited a distinct response pattern during
isoflurane-induced LOC. Interestingly, VIP interneurons have a spe-
cific delay inhibition pattern during the induction of unconscious-
ness. It has been reported that subcortical cholinergic transmission
rather than glutamatergic transmission globally recruits cortical VIP
interneurons during certain behavioural states [27'55]. Consistent
with these findings, the present results showed that the activity of
VIP interneurons during anaesthetic-induced unconsciousness is
independent of glutamate input. There is one possibility that global
recruitment of cortical VIP interneurons associated with subcortical
cholinergic systems may play an essential role in the resistance of
unconsciousness.

Sensory cortex is closely associated with the specific content of
consciousness experience, primary visual cortex contributes to the
neural processes underlying conscious visual perception [56'57]. Con-
siderable evidence has revealed anaesthetic-induced unconscious-
ness is mainly associated with the disruption of the long-range
cortico-cortical feedback connection and thus of destroyed cortical
information integration [7'10]. Our results suggest the disconnected
network [2] also occurred in the supragranular layer of the primary
sensory cortex related to intracolumnar information integration.
General anaesthesia does not decouple the pyramidal cells in the L2/
3, which means they still could receive the feedback input even under
anaesthesia [9]. In conjunction with the preserved glutamate and
decayed calcium dynamics of pyramidal cells in this study, our find-
ings offer a piece of indirect evidence for the disrupted feedback con-
nectivity under anaesthesia which is a strong candidate mechanism
for aLOC. In addition, unravelling the mechanism of anaesthesia is
contributed to the development of new anaesthetics and the
improvement of anaesthesia monitoring tools and safety.

There were also limitations of the study that should be consid-
ered. First, combining the transgenic mice and two-photon imaging,
we acquired cell subtype-specific data with high spatiotemporal res-
olution from the L2/3 of the V1 cortex under isoflurane anaesthesia.
However, the neuronal and network dynamics within other cortical
areas and layers deserve further study to reveal the mystery of anaes-
thesia [58]. There is also a lack of neuro-behavioral measures to
assess the isoflurane-induced unconsciousness. Second, the GABA
and glutamate were decreased under anaesthesia, and unravelling
how presynaptic exocytosis is affected could clarify the cortical
mechanism of anaesthesia with greater precision [1859-62]. Third,
in addition to the neurotransmitters GABA and glutamate, neuromo-
dulators correlated with anaesthesia, such as acetylcholine, dopa-
mine, histamine, and serotonin, are also worth studying [20°63].
Finally, although previously conducted studies have reported that

almost all anaesthetics have a similar effect on certain cortical activi-
ties [2'9'64], further studies are still needed to investigate the multi-
dimensional cortical network dynamics [65] under all kinds of
anaesthetics given their diverse molecular and cellular targets.

In summary, our findings reveal a disrupted excitatory-inhibitory
cortical network in isoflurane-induced unconsciousness and suggest
an important role of the inhibitory network in maintaining con-
sciousness.
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