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a b s t r a c t 

Neural information transmission between deep brain nuclei and the cortex is essential for brain function. Cur- 

rently, high-resolution simultaneous detection of neural information between the deep brain nuclei and the large- 

scale cortex still poses challenges. We have developed the microelectrode arrays based on the Micro-Electro- 

Mechanical System technology, and modified the electrode surface with nanomaterials to improve the electrode 

performance. This study combined microelectrode arrays and extended-field-of-view microscopy to achieve si- 

multaneous recording of claustrum (CLA) electrophysiology and wide-field cortical calcium imaging at single-cell 

resolution. This work investigated the synchronous changes of neural information in CLA and cortex of mice dur- 

ing the whole process from wakefulness to anesthesia and then to wakefulness, and summarized the characteristics 

of the CLA electrophysiology and cortical calcium signaling under different inhalation anesthesia concentrations. 

We found the synergy between microscopic spike and local field potential of CLA neurons under deep anesthesia, 

and the law that high inhalation anesthesia concentration enhanced the synchronization between neurons in CLA 

and cortex. The combination of microelectrode arrays and extended-field-of-view microscopy also gives a new 

method for synchronous detection of multimodal and multi-brain region neural information. 
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. Introduction 

High-resolution neural information detection is of great significance

or brain science research. The complex interconnectivity of neural

ircuits within the brain places demands on the simultaneous detection

f neural information in multiple brain regions [1–4] . Of these, the

ynchronous detection of high-resolution neural information between

eep brain nuclei and large-scale cortex is particularly important, but

urrently lacking. The commonly used techniques for detecting brain

eural information include Magnetic Resonance Imaging (MRI) [5] ,

omputed Tomography (CT) [6] , electrophysiology [7–9] , calcium

maging [ 10 , 11 ], etc. Electrophysiological recording has the charac-

eristics of high spatial and temporal resolution, which can realize the

ecording for rapid single-cell action potential [12] . Microelectrode

rrays based on Micro-Electro-Mechanical System (MEMS) technology

re considered a promising platform for electrophysiological recording
∗ Corresponding authors. 

E-mail addresses: caojiangbei@301hospital.com.cn (J. Cao), daiqh@tsinghua.edu.
1 These authors contributed equally to this work. 

ttps://doi.org/10.1016/j.fmre.2023.12.012 

667-3258/© 2024 The Authors. Publishing Services by Elsevier B.V. on behalf of Ke

Y-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
13] , with customizable sites suitable for detecting neural activity in

he cortex and deep brain regions [14–16] . Calcium imaging techniques

ermit the recording of neuronal neural activity over a large range, but

imited by optical imaging instruments, the detection range and spatial

esolution of calcium imaging are usually mutually constrained [17] . 

It has been proved that there is a broad projection relationship be-

ween the CLA and the cerebral cortex [ 18 , 19 ]. Previous studies have

hown that electrical stimulation of the CLA can reversibly disrupt con-

ciousness [20] . This indicates that the CLA is an important brain area

elated to sleep and consciousness [21] . Anesthesia is a reversible func-

ional depression of the central nervous system caused by drugs or other

ethods, which is characterized by a temporary state of sensory or con-

ciousness loss. This has sparked our interest in the association between

he CLA and cortical neurons during the process of consciousness loss. 

Here, we used gradient inhalation anesthesia concentration to sim-

late the gradual loss of consciousness process, and used simultaneous
cn (Q. Dai), xxcai@mail.ie.ac.cn (X. Cai) . 
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Fig. 1. Experimental schematic diagram. Isoflurane was inhaled into the mouth of mouse through a catheter and the mouse was induced into anesthesia. The CLA 

of mouse was implanted with microelectrode array to obtain action potential spike and local field potential (LFP). The skull of the mouse head was replaced by a 

customized chronic cranial window, and the cortical calcium signal was obtained through the extended-field-of-view microscopy. The lower right corner shows the 

mouse cortex captured under extended-field-of-view microscopy. 
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lectrophysiological recording and calcium imaging to investigate the

eural characteristics of CLA and cortical neurons under different in-

alation anesthesia concentrations. As shown in Fig. 1 , the recording

f calcium activity in a single-cell resolution of wide-field cortical neu-

ons is achieved with the help of the real-time brain-wide multi-planar

icroscopy [22] , and the electrophysiology activity of CLA is recorded

hrough the silicon-based microelectrode array. 

. Materials and methods 

.1. Subject 

All animal experiments were approved by the Institutional Animal

are and Use Committee at Aerospace Information Research Institute,

hinese Academy of Sciences (AIRCAS), and the Institutional Animal

are and Use Committee at Tsinghua University, Beijing, China. 

Four female transgenic mice (Ai148 (TIT2L-GC6f-ICL-tTA2)-

 × Rasgrf2-2A-dCre (JAX 030328, JAX 022864)) expressing Gcamp6f

rotein in the specific layer 2/3 of the cerebral cortex were used in

he experiment, all of which were purchased from Laboratory Animal

esource Center, Tsinghua University. The mice are 8 weeks old and

eigh 20–25 g. All animals are housed in the animal room with a

emperature of 20− 22 °C and relative humidity of 50% ( ± 3%), in

hich 12 h of light and 12 h of darkness cycle alternately. All animals

ave free access to food and water. We try our best to reduce the

umber of experimental animals and reduce their pain. 

We injected trimethoprim (TMP, 0.25 mg/g, Sigma) intraperi-

oneally into P36 mice for two consecutive days to induce Cre expres-

ion, thus making the vertebral neurons of mice cortex layer 2/3 express

reen fluorescent protein. 

.2. Microelectrode array manufacturing and performance characterization

CLA is a deep and small brain region in rodents, which requires high

ccuracy of electrode positioning. Compared to flexible electrodes, rigid

ilicon-based microelectrode arrays are easy to implant and have high

ositioning accuracy. Therefore, we used self-made silicon-based micro-

lectrode arrays as electrophysiological recording devices. The silicon-

ased microelectrode arrays were designed as two needle-like shanks

ith 16 detection sites arranged at the tip. The electrode length is 6 mm,

nd width is 500 μm. The diameter of electrode detection site is 15 μm.

he device is of a sandwich structure, and the thickness of underlying

ilicon is 25 μm. The thickness of the middle conductive layer Ti/Pt is

0 nm and 250 nm respectively, and the upper insulating layer adopts
94
he double insulating layer SiO2 /Si3 N4 , with the thickness of 300 nm

nd 500 nm. 

The microelectrode arrays were developed using MEMS technology

Fig. S1). The electrode fabrication process can be summarized as three

teps. First, the first photolithography is performed on the thermally ox-

dized SOI (Silicon on Insulator) wafer, and the conductive layer (Ti/Pt)

s formed after sputtering and lift-off. Then, deposition of the insulating

ayer (SiO2 /Si3 N4 ) is followed by plasma etching to expose the detection

ites and pads. Finally, the photoresist mask is formed by the third pho-

olithography, the electrode profile is formed by deep etching, and the

ack wet etching is used to release the electrodes [ 23 , 24 ]. The device

fter electrical encapsulation is shown in Fig. 2 a. 

The electrodes were modified with a combination of platinum black

anoparticles and conductive polymers PEDOT (PtNPs/PEDOT:PSS)

23] . Fig. 2 b shows the microscope morphology of the electrodes, which

re covered with a dense nanolayer. Fig. 2 c-d shows the impedance spec-

rum and Nyquist spectrum of the modified electrode. The impedance

f the modified electrode is 29.8 ± 3.4 k Ω, and the phase delay is

 16.2° ± 0.85°, demonstrating the excellent electrical performance of

he electrode. Fig. 2 d shows the electrochemical characteristics of the

lectrode, indicating that the electrode can approximate an equivalent

ircuit model where charge transfer control and diffusion processes

oexist. Fig. 2 e shows the in vivo electrophysiology recording high-

requency signals, indicating that the electrode has excellent perfor-

ance. The PtNPs/PEDOT:PSS modified electrode can work normally

n vivo for more than 100 days. Fig. S2 shows the original neural sig-

als and typical action potential waveforms recorded at 7 days, 21 days,

00 days and 140 days after the electrode was implanted into the brain.

rom the figure, it can be seen that with the increase of implantation

ime, the electrode performance (signal-to-noise ratio) decreases. This

ay be due to the fact that as the implantation time increases, the fi-

rous encapsulation of the brain causes electrode performance degra-

ation. While in this short-term anesthesia study, since each experi-

ent only takes about 30 min, we believe that the degradation of elec-

rode performance was negligible and would not affect the experimental

esults. 

.3. Electrode implantation and chronic cranial window replacement 

urgery 

One week after the TMP injection, we performed electrode implanta-

ion and chronic cranial window replacement surgery on mice. We have

racticed for a long time to ensure that we can successfully complete

he electrode implantation and cranial window replacement surgery.
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Fig. 2. Physical view of microelectronic array and characteristic of electrode performance. (a) Physical electrode diagram; (b) Microscopic images of modified 

electrode detection sites, which is an enlarged view of the dashed rectangle in Fig. 1 a; (c) Impedance spectroscopy of modified electrode ( n = 9 electrode sites), data 

are means ± SE; (d) The Nyquist diagram of the modified electrode; (e) High frequency electrophysiological signals detected by modified electrodes. 
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e also pay great attention to disinfection during surgery to avoid the

ccurrence of infection. The mouse under surgery was placed in the in-

uction box (Isoflurane concentration 3%, oxygen flow 1 L/min) of the

nesthesia machine (RWD Life Science Technology Co., Ltd., Shenzhen).

fter the righting reflex of the mice disappeared, they were transferred

o the brain stereotaxic frame (RWD Life Science Technology Co., Ltd.,

henzhen), and the anesthesia was maintained with an isoflurane con-

entration of 1%-1.5% and an oxygen flow of 0.5 L/min. A heating pad

ith a temperature controlled at 36.5 °C was placed in the abdomen of

he mouse to maintain the body temperature. Erythromycin eye oint-

ent (Nanjing Baijingyu Pharmaceutical Co., Ltd., Nanjing) was used

o cover the eyes of the mouse to avoid damage to the eyes by the op-

rating lamp. After the hair of the mouse was shaved, the skin on the

ouse head was disinfected with iodophor (Shandong Lierkang Medical

echnology Co., Ltd., Dezhou), and cut off, and the connective tissue on

he surface of the skull was removed. The skull was wiped with a cot-

on swab to expose the frontal and lambda points of the mouse, and the

ead was leveled according to these two points. 

The bregma point was chosen as the center point to determine

he electrode implantation position (AP: − 0.15 mm, ML: 3.60 mm). A

 mm × 1 mm hole was drilled in the skull as the electrode implanta-

ion window. The MEA was fixed on the holder of the stereotaxic frame

nd connected to the electrophysiological acquisition system (Plexon

eural Recording Data Acquisition System, Plexon Inc, Dallas, Texas).

he MEA was slowly implanted and the electrophysiological signal was

onitored in real time to determine the optimal electrode implantation

osition within 4.4 ± 0.1 mm depth range. Fig. S3a shows the physi-

al image of electrode implantation surgery. The MEA was fixed on the

kull with tissue glue (3 M Vetbond). After waiting for 5 min to make

he glue completely dry, the MEA was re-fixed with dental cement. In

he implantation operation, the electrode implantation position and sur-

ical trauma have a great influence on the recording of neural activity.

n order to make the electrode record more cells, we kept the signal

ecording during the electrode implantation process. In this process, the

perating table is shielded to prevent the electromagnetic interference

nd obtain the neural signal (Fig. S3b). In order to avoid excessive sur-

ical trauma caused by electrode implantation, we tried to reduce the
95
ize of the skull window for the electrode, and used physiological saline

o keep the mouse head moist. In addition, we have prepared enough

emostatic sponges to stop bleeding in time. 

To realize the synchronous acquisition of the whole cortex calcium

maging and CLA electrical signals of mice, we replaced part of the

ouse skull with the chronic optical window. During the operation, an

bout 7 mm diameter round skull with the bregma point as the center

as removed to expose the mouse brain tissue. In order to avoid mutual

nfluence between the optical window and the electrode, the chronic

ptical window is isolated from the electrode implantation window by

 narrow skull. After covering the exposed brain tissue with a transpar-

nt cover glass which was pre-polished to better fit the exposed brain

issue, a chronic optical window was formed for whole-cortical calcium

maging. 3 M tissue glue with good biocompatibility was used to bond

he cover glass with the skull. After the glue is completely solidified, a

ustom-made semi-circular aluminum head post was fixed to the skull

f the mouse with dental cement to assist in the fixation of the mouse’s

ead in subsequent experiments. The photos of electrode implantation

nd surgery completion are shown in Fig. S3c. 

After the operation, the mice were kept in a single cage for 12 h

nd were given sufficient water and food, as well as a 36.5 °C thermo-

tatic heating pad. On the 7th day after the operation, we fixed the mice

nder a wide-field microscope in a dark environment and put a mask

n the face of the mice to give 0.5 L/min flow of oxygen to carry out

daptive training for the mice. After a few days of acclimatization, the

xperiments began. 

.4. Anesthesia paradigm 

The mice were placed in a dark environment for half an hour be-

ore the formal experiment began. 0–3 min after the experiment, the

ice only inhaled oxygen at a flow rate of 0.5 L/min. The data col-

ected during this period is set as the baseline. 0.5% isoflurane was

pplied in the 3rd minute and lasted for 2 min. The concentration of

soflurane increased to 0.8% in the 5th minute, 1.2% in the 7th minute,

.6% in the 9th minute, and 2.0% in the 11th minute. The concentra-

ion of isoflurane decreased to 1.6% at the 14th minute, 1.2% at the 16th
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Fig. 3. Synchronous changes of CLA electrophysiology and cortical Cal- 

cium signaling. (a) Inhalation anesthesia concentration paradigm; (b) Typical 

spike sequence of 6 channels; (c) Typical LFP of 6 channels, The dotted box is 

a local enlarged picture; (d) Calcium signal hot spots of 1168 neurons in the 

cortex. 
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inute, 0.8% at the 18th minute, 0.5% at the 20th minute, and closed

t the 22nd minute ( Fig. 3 a). In the above process, the wide-field cal-

ium imaging signal and the electrophysiological signal were collected

imultaneously ( Fig. 3 b-d). 

.5. Wide-field calcium imaging and CLA electrophysiological signal 

cquisition 

We use the method of fixing the mouse head for synchronous record-

ng of electrophysiology and calcium imaging, which can avoid move-

ent interference (Fig. S3d). The calcium signal of cortical neurons is

ollected through the self-developed fluorescence microscope system.

he field of view of the system is about 6 mm, and the corresponding

ize of each pixel of sCMOS on the plane is 3.25 μm. The acquisition soft-

are is HCImage Live (Hamamatsu), and the exposure time is 100 ms.

he shooting frequency is 10 Hz. 

The electrophysiological signal is obtained by connecting the micro-

lectrode array to the Plexon electrophysiological system. The sampling

ate is 40 kHz. The action potential spikes were obtained by applying

igh-pass filtering at 250 Hz, and the local field potential (LFP) was

btained by applying low-pass filtering at 250 Hz. Electrophysiology

ecording is highly susceptible to interference, which comes from op-

ical instruments and the surrounding environment. In the experiment,

e adopted the method of connecting the optical instrument and the

xperimental platform with the ground of the electrophysiological in-

trument, and using the shielding cloth to wrap the experimental plat-

orm as much as possible. Time synchronization is achieved between the
96
alcium imaging system and the electrophysiological system through a

ime labeling module. Fig. S3d shows the mouse during the experiment.

.6. Data processing and analysis 

Electrophysiological signals: The high-frequency signal was de-

oised by Offline Sorter software, and the further analysis of the electro-

hysiological signal is completed by NeuroExplorer software. The LFP

ower of different frequency bands is calculated using Python program-

ing algorithms. The power spectral density of LFP and spike is calcu-

ated through the “Power Spectral Densities ” function in NeuroExplorer.

FP correlation is defined as the Pearson correlation coefficient between

he current channel LFP and the average LFP of other channels. The

urst suppression rate is defined as the ratio of the duration of the sup-

ression wave to the total duration, where the suppression wave must

ave a waveform amplitude less than the threshold and last for 100 ms

25] , and the threshold is defined as the minimum amplitude that does

ot meet the requirements for the occurrence of the suppression wave

uring the no anesthesia phase. 

Cortical neuron calcium signal: By adopting deep-learning-based

ide-field neuron finder (DeepWonder) [26] , the average calcium flu-

rescence brightness (CFB) of neurons in all images is extracted to ob-

ain information on the changes in the neuron calcium signal over time.

ortical neuronal synchronicity is defined as the Pearson correlation co-

fficient between the current neuronal calcium signal and the average

alue of other neuronal calcium signals. 

To study the effects of different inhalation anesthesia concentrations

n neural activity, the experiment was divided into different anesthe-

ia stages based on the inhalation anesthesia concentration. Due to the

onger duration of the stage after turning off anesthesia, in order to

nsure consistency in data analysis and statistical standards at various

nesthesia concentrations, the entire stage after turning off anesthesia is

urther divided into three small stages. The entire experiment is divided

nto the following stages: 0%, 0.5%, 0.8%, 1.2%, 1.6%, 2%, 1.6%, 1.2%,

.8%, 0.5%, 0%, 0%, and 0%. The data selected for each stage during

tatistical analysis is of equal duration. 

. Result 

.1. Simultaneous detection of electrophysiology and calcium imaging 

nder different inhalation anesthetic concentrations 

The anesthesia paradigm can refer to methods and Fig. 3 a. The typ-

cal dynamic changes of spikes, LFP in CLA, and calcium signal of cor-

ical neurons under different inhalation anesthetic concentrations are

hown in Fig. 3 . Fig. 3 b shows the action potential raster plot detected

y six different channels, which are displayed using different color. The

gure shows that as the inhalation anesthesia concentration increases,

he frequency of spikes firing gradually decreases until it disappears.

onversely, when the anesthesia concentration decreases, the spike fre-

uency gradually increases ( Fig. 3 b). In the experiment, we also detected

eurons that continued to discharge under high inhalation anesthesia,

uch as the sixth neuron in Fig. 3 b (shown in cyan). Comparing the

ean spike waveforms of neurons, we found that the sixth neuron had

 smaller pulse width and may belong to a different type from other neu-

ons. Fig. S4 shows the interspike interval histogram of spikes in Fig. 3 b,

hich confirm that this signal is meaningful. In terms of LFP, when the

nhalation anesthetic concentration gradually increases to 1.2%, the am-

litude of LFP will increase significantly. As the inhalation anesthetic

oncentration continues to increase, there will be obvious burst sup-

ression waves (local enlarged image of LFP), which was defined as

he pattern consisting of a continuous alternation between high-voltage

low waves (occasionally sharp waves) and depressed (or suppressed)

lectrographic activity [27] . After that, with the decrease of inhalation

nesthesia concentration, the LFP waveform gradually recovered to the

ormal state ( Fig. 3 c). In terms of calcium fluorescence brightness (CFB)
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Fig. 4. Electrophysiological and cortical calcium signaling indices at different inhalation anesthesia concentrations. (a) LFP power in gamma frequency band 

at different inhalation anesthetic concentrations ( n = 3 mice); (b) Average calcium fluorescence brightness (CFB) under different inhalation anesthesia concentrations 

( n = 4 mice); (c) Normalized spike firing rate with the bin of 5 s. ( n = 3 mice); (d) Ca2 + spike firing rate under different inhalation anesthesia concentrations ( n = 4 
mice); (e) Fitting curve of LFP power in CLA and cortical neuron calcium fluorescence brightness (CFB); (f) CLA neurons synchrony and cortex neurons synchrony 

under different inhalation anesthesia concentrations ( n = 3 mice). Data are means ± SE. 
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f cortical neurons, it can be seen that some cortical neurons are signif-

cantly activated at low inhalation anesthetic concentrations (0.5% and

.8%), which may be due to the stimulation of the cerebral cortex caused

y low inhalation anesthesia concentration. And with the increase of in-

alation anesthesia concentration, the calcium signal of cortical neurons

eakened and the neurons were gradually inhibited ( Fig. 3 d). Through

imultaneous detection of electrophysiology and calcium imaging, we

bserved the dynamic response of CLA neurons and cortical neurons

ith the change of inhalation anesthesia concentration. When the con-

entration of inhalation anesthesia was reduced to 1.6%, the degree of

euron inhibition is the largest, which can be attributed to the cumula-

ive effect of anesthesia. 

Fig. S5 shows the synchronous change of spike firing rate and LFP

ower spectrum during the experiment. It can be seen from the figure

hat with the change of inhalation anesthesia concentration, the spike

hanges synchronously with the LFP. After that, the power spectral den-

ity of low-frequency (0–30 Hz) LFP was analyzed. As shown in Fig. S6,

he LFP power in 1–4 Hz (delta band) increased at low inhalation anes-

hesia concentration (0.8%, 1.2%, and 1.6%), which is also reflected in

ig. S5. When the inhalation anesthesia concentration reached 2%, the

verall frequency band power decreased significantly. When the concen-

ration of inhalation anesthesia decreased to 0.8%, the power spectral

ensity gradually recovered. 

.2. Characteristics of CLA electrophysiology and cortical calcium signal 

nder different inhalation anesthesia concentrations 

We calculated some indicators of CLA electrophysiology and cortical

euronal calcium signals under different inhalation anesthesia concen-

rations, as shown in Fig. 4 . Fig. 4 a shows the LFP power change in the

amma band (50-100 Hz) under different inhalation anesthetic concen-

rations, which is considered as an indicator to evaluate the degree of

nesthesia. It can be seen from Fig. 4 a that the LFP power in the gamma

and decreases progressively as the inhalation anesthesia concentration

ncreases, and then with the decrease of inhalation anesthetic concen-
97
ration, the LFP power in the gamma band increases, indicating that the

egree of anesthesia in mice is also changing with the change of inhala-

ion anesthetic concentration. Fig. 4 b shows the changes in the aver-

ge calcium fluorescence brightness of cortical neurons under different

nhalation anesthesia concentrations. As can be seen from Fig. 4 b that

he CFB increases at 0.5% inhalation anesthesia concentration, and then

radually decreases with the increase of inhalation anesthesia concen-

ration, reaching the lowest level at 1.6% inhalation anesthesia concen-

ration. Fig. 4 c shows the change of the average spike firing rate (bin of

 s) of neurons in CLA from the beginning to the end of the experiment.

he changing trend of spike firing rate is similar to that of LFP power.

nd the spike firing rate decreases to the lowest during the period of

igh inhalation anesthesia concentration. Similarly, we calculated the

alcium spike firing rate of cortical neurons. It increased at 0.5% in-

alation anesthesia concentration (180 s− 300 s), and then gradually

ecreased with the increase of inhalation anesthesia concentration. The

verall trend is consistent with the firing rate of CLA neurons ( Fig. 4 d).

hese all reflect the consistency of the effects of anesthesia on CLA and

ortical neurons. By fitting the LFP power in CLA and cortical neuron

alcium fluorescence brightness under different inhalation anesthesia

oncentrations ( Fig. 4 e), it was found that there is a strong correlation

etween the two, with a linear fitting coefficient of 0.94. Then this study

nalyzed the correlation between LFPs and found that LFP synchroniza-

ion was higher at high inhalation anesthesia concentrations, while for

ortical neurons, the opposite was true. At the highest inhalation anes-

hesia concentration, the correlation between cortical neurons was the

owest ( Fig. 4 f). 

In addition, we also defined the ratio of LFP power in the delta fre-

uency band (1–4 Hz) to the gamma frequency band. This indicator

harply increases when the degree of inhalation anesthesia is high, in-

icating that as the degree of inhalation anesthesia increases ( Fig. 5 a),

here is less reduction of LFP power in the delta band compared to the

amma band. For the single neuron action potential, this study calcu-

ated and counted the variance of the firing sequence of each neuron

ver time. It can be seen that the variance of the firing sequence of
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Fig. 5. CLA electrophysiological characteristics under different inhalation anesthesia concentrations. (a) The ratio of delta-band LFP power to gamma-band 

LFP power ( n = 3 mice); (b) Variance of spike firing rate ( n = 3 mice); (c) Burst suppression rate at different inhalation anesthesia concentrations ( n = 3 mice); (d)-(j): 

Spike sequences and LFP waveforms at different inhalation anesthetic concentrations, the pink shadow indicates that the spike and LFP bursts appear at the same 

time. (k) Average Action potential waveform of neurons 1–3. Data are means ± SE for (a)-(c). 
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ach neuron decreases with the increase of inhalation anesthesia con-

entration, indicating that the activity of each neuron tends to be more

onsistent with the deepening of anesthesia ( Fig. 5 b). Burst suppression

ate (BSR) is a classic index to measure the degree of anesthesia, which

s defined as the proportion of the duration of suppression wave to the

otal duration [ 27 , 28 ]. We calculated the BSR of CLA under different

nesthetic concentrations ( Fig. 5 c). At the stage of gradual increase of

nhalation anesthetic concentration, the BSR increased rapidly, while
98
t the stage of gradual decrease of inhalation anesthetic concentration,

he BSR decreased slowly, which indicates that entering the anesthetic

tate is faster than recovering from anesthesia. The generation of burst

uppression is due to the hyperpolarization of individual neurons dur-

ng deep anesthesia. With the advantage of MEAs, we also detected the

eurons that continue to discharge during deep anesthesia, and the time

f spikes firing corresponds to the burst period of LFP. Fig. 5 d-j shows

he action potential spikes of 3 neurons and LFP of 3 channels under
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Fig. 6. Synchrony of CLA neurons with cortical neurons at different concentrations of inhalation anesthesia. (a): Synchrony between CLA neurons and motor 

cortex neurons; (b) Synchrony between CLA neurons and somatosensory cortical neurons; (c) Synchrony between CLA neurons and visual cortical neurons; (d) 

Synchronization of CLA neurons with retrosplenial cortical neurons. n = 3 mice. Data are means ± SE. 
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s  
ifferent anesthesia concentrations. It can be seen that spike firing be-

ome sparse under deep anesthesia, and the spike firing of Neuron 1 and

euron 2 corresponded to the burst period of LFP. This may reflect the

ynergistic effect between microscopic spikes and LFP. Then we com-

ared the average action potential waveform of these three neurons, as

hown in Fig. 5 k. From Fig. 5 k, it can be seen that the waveforms of

eurons 1 and 2 are relatively similar, and they are quite different from

he waveforms of neurons 3. We speculate that specific neurons are co-

rdinating neural information transmission under deep anesthesia. The

mplitude of the neuron action potential waveform shown in Fig. 5 k is

ower than that in Fig. 2 b. This may be due to the different types of

eurons recorded by the two, or may be due to the obvious difference

n the distance between the recorded neurons and the electrodes. 

Fig. S7 shows the power spectral density of spike and LFP. It can

e seen from the diagram that the spike power density decreased af-

er anesthesia, which was due to the decrease of spike firing rate after

nesthesia. The low-frequency LFP power density increased after anes-

hesia, which was consistent with the results of Fig. S3 and S4. More im-

ortantly, we found that the spike and LFP power density spectra were

ore consistent after anesthesia, and both have characteristic peaks in

he delta frequency band. This also reflects that anesthesia enhances the

ynergy between spikes and LFP. 

Finally, we studied the effects of different inhalation anesthetic con-

entrations on the spike waveform. Because most of the neurons did

ot discharge when the inhalation anesthetic concentration was 2%

nd 1.6%, the whole stage was divided into pre (before anesthesia),

.5%− 0.8%, 1.2%− 1.2% (including 1.2%, 1.6%, 2%, 1.6%, and 1.2%

nhalation anesthesia concentration), 0.8%− 0.5%, and post (after stop-

ing anesthesia). We calculated the average spike amplitudes of 28 neu-

ons at different inhalation anesthesia concentrations, normalized it for

ne-way repeated measures ANOVA analysis. We found that the ampli-
99
ude of spike waveform changed regularly, that is, as the whole experi-

ent progressed, the amplitude of spike waveform gradually decreased

Fig. S8a). This may be because the mice did not fully recover from

nesthesia until the experiment was stopped. 

.3. Calcium signal response of cortical neurons under different inhalation 

nesthetic concentrations 

This study attempts to classify cortical neurons based on their re-

ponse to inhalation anesthesia concentration, i.e., they are classified as

eurons that are suppressed after a specific inhalation anesthesia con-

entration. For example, Type05 indicates that the average calcium fluo-

escence brightness of this type of neurons begins to decrease during the

.5% inhalation anesthesia concentration stage, that is, the calcium flu-

rescence brightness of this type of neurons during the non-anesthesia

tage is the highest value throughout the entire experimental process.

ype08 indicates that the average calcium fluorescence brightness of

hese neurons begins to decrease during 0.8% inhalation anesthesia con-

entration, that is, the calcium fluorescence brightness of these neu-

ons during the 0.5% anesthesia concentration stage is the highest value

hroughout the entire experimental process. This study found that neu-

ons suppressed by inhalation anesthesia concentration of 0.5%, 0.8%,

nd 1.2% accounted for 31.06%, 31.55%, and 19.91%, respectively (Fig.

9a). The average calcium fluorescence brightness (CFB) of these types

f neurons was calculated in this study. Fig. S9b shows the temporal

ariation of the average CFB of the five main types of neurons. From

he graph, it can be seen that the stages with the highest calcium signal

rightness of these 5 types of neurons shift rightward along the time

xis. 

In this study, the cortical images were partitioned according to the

tandard brain atlas [29] . As shown in Fig. S10a, the cortex was divided
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nto 4 brain regions, namely 1-motor cortex, 2-somatosensory cortex,

-visual cortex, and 4-retrosplenial cortex. Fig. S10b shows the distri-

ution of neurons detected in these 4 brain regions, which shows that

ide-field imaging has single-cell resolution. Subsequently, this study

tatistically analyzed the average CFB values of four cortical region neu-

ons under various inhalation anesthesia concentrations, as shown in

ig. S11. We found that except for the motor cortex, the average CFB

f neurons in other brain regions at 0.5% inhalation anesthesia concen-

ration is higher than that before anesthesia. Fig. S12 shows the corre-

ation of calcium signals in different brain regions. The correlation of

eurons in the motor cortex, sensory cortex, and visual cortex is low

nder high inhalation anesthesia concentration, while the correlation

f neurons in the retrosplenial cortex is higher under high inhalation

nesthesia concentration. It is evident here that there are large differ-

nces in neuronal responses in different brain regions at different inhala-

ion anesthesia concentrations, which may be related to brain region

unction. 

.4. Analysis of synchrony between deep brain area CLA neurons and 

ortical neurons under different inhalation anesthesia concentrations 

We analyzed the synchrony between cortical neurons and CLA neu-

ons by calculating the correlation coefficient between calcium sig-

als of neurons in different cortical regions and LFP in CLA under

ifferent inhalation anesthesia concentrations, as shown in Fig. 6 . As

an be seen from the graph, the synchrony between cortical neurons

nd CLA neurons decreased at the beginning of the experiment dur-

ng the low inhalation anesthesia stage, which may be due to the dif-

erence in response to anesthesia between cortical neurons and deep

rain area CLA neurons at low inhalation anesthesia concentrations.

nd then the synchrony gradually increased as the anesthesia level in-

reased, reaching a maximum at the inhalation anesthesia concentra-

ion reduced to 1.2%. We noticed that the synchrony decreased again

hen the concentration was 2% in the somatosensory area and visual

reas. Overall, the synchrony trend between the neurons in the four

ortical regions and CLA neurons is consistent, and deepening anes-

hesia will enhance the synchrony between the cortex and CLA neu-

ons. This trend of synchronicity is also echoed by the electrophysiolog-

cal and calcium signals shown in Fig. 3 . The decrease of synchroniza-

ion under low inhalation anesthesia concentration may be related to

he response of cortical neurons under low inhalation anesthesia con-

entration, while the increase of synchronization under high inhala-

ion anesthesia concentration may be related to the decrease of CLA

nd neural activity of cortical neurons under high inhalation anesthesia

oncentration. 

After that, we statistically analyzed the correlation between the neu-

ons in the four cortex regions and the neurons in CLA. As shown in Fig.

13, the correlation between the motor cortex and CLA is the highest. 

. Discussion 

The integration of electrophysiology, which can analyze sub-

illisecond neural activity, and optical imaging has already been car-

ied out in many studies. Yi Qiang et al. developed a transparent mi-

roelectrode array, which was combined with two-photon imaging to

chieve synchronous recording of electrophysiology and calcium imag-

ng of the visual cortex [30] . Both electrophysiological and optical cal-

ium imaging are applied to the same brain area. Kerekes et al. com-

ined linear multielectrode array, patch clamp, and two-photon imaging

echniques to synchronously record the spontaneous synchronous pop-

lation activity of human neocortical slices [31] . This study achieved

ntracellular and extracellular electrophysiological recording and cal-

ium imaging recording of the brain slice. This is an application of

n vitro recording. With the development of protein molecular tech-

ology, the researchers developed a voltage indicator (Kv-ArcLight-ST)
100
hat can co-express with calcium indicators in cells [32] , achieving syn-

hronous recording of cellular calcium and voltage signals. The au-

hors combined this imaging technique with LFP recording to study the

eural activity of the visual cortex during seizures. But relatively few

eans of ensuring high-resolution recording of cortical neural informa-

ion over a large area. Here we have combined microelectrode arrays

nd extended-field-of-view microscopy to achieve simultaneous record-

ng of neural information at single-cell resolution from CLA electrophys-

ology and wide-field cortical calcium signals. This protocol allows for

he simultaneous acquisition of action potentials, LFP information in

eep brain nuclei and calcium activities of large-scale cortex neurons.

e took full advantage of this combination of electrophysiological and

alcium imaging to compare the neural characteristics of CLA and cor-

ex under different inhalation anesthesia concentrations. Importantly,

e investigated the synchronization of the neurons and found that

nesthesia enhanced the synchronization of neural activity in CLA and

ortex. 

There is a wide connection between the CLA and the cortex, and

he stimulus response relationship between the CLA and the cortex has

een reported [ 33 , 34 ]. At present, there is relatively little research on

he synchronous recording of neural activity in CLA and multicortical

rain regions. The study of the relationship between the CLA and the

ortex is mainly through single brain region recording, regulation and

natomy. In this study, we proposed the method for simultaneous de-

ection of deep brain electrophysiology and cortical calcium imaging

y combining microelectrode array with wide-field microscopy. Using

his method, we studied the synchronous neural activity changes in the

LA and cortex during the whole anesthesia process. Since the neural

ctivity of the CLA and cortex can be recorded at the same time, we

ocus on the synchronization between the two, which is different from

he previous studies. With the advantage of simultaneous detection of

eural information from the CLA and the cortex, this study compared

he characteristics of neural information in CLA and cortex and found

hat their neural activity trends were consistent, both decreasing with

ncreasing inhalation anesthesia concentration. The difference is that

ow inhalation anesthesia concentration can stimulate cortical neurons

nd have a certain activation effect on cortical neuronal activities, while

t has almost no effect on the CLA neurons ( Fig. 4 a-b). This is consistent

ith previous reports, in which the amplitude of EEG signals increased

nder low anesthesia concentration, and was completely suppressed as

he anesthesia concentration deepened [27] . In addition, there is also a

ignificant difference in neuronal synchronicity between the two. The

orrelation of neural activity in CLA increases with the increase of in-

alation anesthesia concentration, while the correlation of neural ac-

ivity in the cortex decreases with the increase of inhalation anesthesia

oncentration. This may be due to the large area of the cerebral cortex,

nd there are significant differences in neuronal characteristics in dif-

erent brain regions. The division of cortical brain regions in this study

s not particularly accurate. Region1 includes the motor cortex and the

refrontal cortex. A recent work quantitatively investigated the whole

rain input and output of CLA by using a large number of anterograde

nd retrograde viral tracing data and found that the prefrontal cortex

odule has more cell types projecting to the CLA than other cortex mod-

les [35] . This may be the reason for the higher correlation between

egion1 and CLA. 

In the scheme of this paper, the rigidity and opacity of the silicon-

ased electrodes have a somewhat negative impact on the range of cor-

ical calcium imaging. A recent study developed a flexible, insertable,

nd transparent microelectrode array (Neuro-FITM) to investigate the

ortical–hippocampal coordination during hippocampal sharp-wave rip-

les [36] . This flexible electrode has almost no effect on the visual

eld range for cortical calcium imaging due to its better transparency,

ut its implantation depth range is limited. We have recently devel-

ped an ultra-thin flexible dual-mode microelectrode array [37] , which

an be combined with a wide-field microscope in the future to perform

he simultaneous recording of electrophysiology and neurotransmitter
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n the deep brain nuclei and large-scale cortical calcium imaging, at

he same time eliminating the effect of rigid electrodes on the imaging

ange. 

. Conclusion 

Here, we proposed a technical solution for synchronous recording

f deep brain electrophysiology and wide-field cortical calcium imag-

ng based on microelectrode arrays. We established a working mode

f deep brain microelectrode array implantation and cortical chronic

ptical cranial window replacement and built a synchronous detection

latform for electrophysiology and calcium imaging. We applied this

trategy to the study of general anesthesia. Microelectrode arrays were

mplanted in the CLA to detect high-resolution neural electrophysiology

nformation, while the skull was replaced with a chronic optical win-

ow to facilitate wide-field cortical calcium imaging. The mechanism of

ollaborative work between the CLA and the cortex was studied. This

tudy achieved synchronous recording of the electrophysiological sig-

als of CLA neurons and the calcium signals of the wide field cortical

eurons in mouse throughout the entire process from wakefulness to

nesthesia and then to wakefulness, and discovered their synchronous

hanges. This study summarized the electrophysiological characteris-

ics of CLA neurons and the calcium signals characteristics of cortical

eurons under different inhalation anesthesia concentrations. The syn-

rgistic effect between the microscopic neural action potential spike and

acroscopic LFP in the CLA under high inhalation anesthesia concen-

rations was found, and the synchronization between cortical and CLA

eurons was enhanced by deeper anesthesia. This study provides a new

ethod and tool for synchronous detection of deep brain regions and

ortex. 
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