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a b s t r a c t 

Timely monitoring of anesthesia status during surgery is important to prevent an overdose of isoflurane anesthe- 

sia. Therefore, in-depth studies of the neural mechanisms of anesthetics are warranted. Hippocampal CA1 plays 

an important role during anesthesia. Currently, a high spatiotemporal resolution microdevice technology for the 

accurate detection of deep brain nuclei is lacking. In this research, four-shank 32-channel implantable micro- 

electrode arrays (MEAs) were developed for the real-time recording of single-cell level neural information in rat 

hippocampal CA1. Platinum nanoparticles were modified onto the microelectrodes to substantially enhance the 

electrical properties of the microelectrode arrays. The modified MEAs exhibited low impedance (11.5 ± 1 k Ω) 

and small phase delay (-18.5° ± 2.54°), which enabled the MEAs to record single-cell level neural information 

with a high signal-to-noise ratio. The MEAs were implanted into the CA1 nuclei of the anesthetized rats, and 

the electrophysiological signals were recorded under different degrees of anesthesia mediated by low-dose con- 

centrations of isoflurane. The recorded signals were analyzed in depth. Isoflurane caused an inhibition of spike 

firing rate in hippocampal CA1 neurons, while inducing low-frequency oscillations in CA1, thus enhancing the 

low-frequency power of local field potentials. In this manner, the spike firing rate and the power of local field 

potentials in CA1 could characterize the degree of isoflurane anesthesia. The present study provides a technical 

tool to study the neural mechanisms of isoflurane anesthesia and a research method for monitoring the depth of 

isoflurane anesthesia in clinical practice. 
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. Introduction 

Anesthesia is a controlled, temporary state of sensory or conscious-

ess loss, which is often utilized for medical purposes such as surgery

o prevent intraoperative perception in patients or laboratory animals,

hereby reducing the perceived pain and creating good surgical condi-

ions [1] . Isoflurane is an inhaled general anesthetic with the character-

stics of rapid action, stable potency, controllability, and short recovery

eriods of anesthesia. Isoflurane is commonly used in animal surgery

 2 , 3 ] and experiments in neuroscience [4] . However, numerous studies

ave reported that isoflurane alters the characteristics of cerebral tis-

ue activity and affects the neural signals in the cerebrum [ 5 , 6 ], and

n overdose of isoflurane can even result in death [7] . Therefore, it is

ritical to monitor the depth of isoflurane anesthesia during surgery in

eal time accurately. 
∗ Corresponding authors. 

E-mail addresses: wy10879@rjh.com.cn (Y. Wang), xxcai@mail.ie.ac.cn (X. Cai), j

ttps://doi.org/10.1016/j.fmre.2023.05.015 

667-3258/© 2023 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/ ) 
Previous studies have demonstrated that the hippocampus in the

rain participates in the anesthetic procedure of isoflurane, and the

soflurane-induced effects including the inhibition of glutamatergic ex-

itatory postsynaptic potentials, enhancement of GABAergic inhibitory

ostsynaptic potentials, as well as suppression of excitatory transmis-

ion [8] . All of these exert an effect on the hippocampal electrophysio-

ogical signals [9] , which is also widely believed to be responsible for

nesthetic-induced amnesia [ 10 , 11 ]. Therefore, it is believed that hip-

ocampal CA1 electrophysiological signals could characterize the depth

f isoflurane anesthesia. A detailed study on the hippocampal CA1 elec-

rophysiological signals under isoflurane anesthesia could reveal the

eural mechanisms of general anesthesia and provide a research method

or the clinical monitoring of the degree of anesthesia. 

Currently, most studies on the mechanisms of anesthetics are fo-

used on the following categories. One category is anatomy-based stud-
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es on the neural mechanisms of isoflurane anesthesia, conducted at the

olecular level [12–14] , which are sensitive and selective, although

hey provide poor spatial and temporal resolution. Brain activity dur-

ng the isoflurane anesthesia procedure may also be monitored using

on-invasive means such as electroencephalogram (EEG) and functional

agnetic resonance imaging, which could be directly applied clinically

lthough challenges of complex data processing and poor spatial reso-

ution are encountered [15–17] . The detection of local field potentials

LFPs) in the deep brain under isoflurane anesthesia using microfila-

ent or tungsten wire electrodes [18] , is another approach that pro-

ides improved spatiotemporal resolution, although it does not allow

or recording the activity of individual neurons. Therefore, it is impor-

ant to investigate the anesthetic mechanisms of isoflurane at the level

f neuronal activity. In this context, implantable multi-channel micro-

lectrode arrays (MEAs) with high spatiotemporal resolution that would

rovide real-time recording of single-cell level neural information in the

eep brain become important [19–21] . In order to enhance the record-

ng capability of MEAs, the surfaces of microelectrodes were modified

ith nanomaterials. As metallic nanoparticles, platinum nanoparticles

PtNPs) are used widely in medical, electronic and biotechnological ap-

lications due to their biocompatibility, high stability and surface chem-

stry properties [22] . The modification with PtNPs effectively increases

he surface area of microelectrodes, thereby reducing the impedance of

icroelectrodes, improving the signal-to-noise ratio (SNR), and enhanc-

ng the detection capability of the MEAs. 

In the present study, four-shank 32-channel MEAs were large-scale

abricated for real-time, high spatiotemporal resolution and multi-

hannel detection of electrophysiological signals from rat hippocampal

A1. In addition, microelectrodes were modified with PtNPs to enhance

heir electrical properties. The MEAs were implanted into rat hippocam-

us CA1 to detect electrophysiological signals. The in vivo research has

emonstrated that PtNPs-modified MEAs provide a steady and sensitive

ecording of the single-cell level neural information in rat hippocampal

A1. In addition, the dynamic change characteristics of electrophysiol-

gy deliver a method for the detection of the depth of isoflurane anes-

hesia. 

. Materials and methods 

.1. Materials and apparatus 

The saline was purchased from Shuanghe Corporation (China).

he phosphate-buffered saline (PBS) was purchased from Sigma-

ldrich (China). Chloroplatinic acid (H2 PtCl6 ) and lead acetate

(CH3 COO)2 Pb] were purchased from Sinopharm Chemical Reagent

China). Isoflurane and the anesthesia machine for small animals were

urchased from RWD Life Science Co. Ltd. (China). 

The rats were fixed in the stereotaxic frame (51600, Stoelting,

SA) for craniotomy. The MEAs were connected to the micropositioner

model 2662, David KOPF instrument, USA) to control the implantation

epth of the MEAs. The surface of the microelectrode was observed us-

ng two microscopes (BX51, Olympus Corporation, Japan and M205C,

eica Biosystems, USA). The MEAs were modified and characterized us-

ng the electrochemical workstation (Gamry, USA). The head stages and

he electrophysiological signal recording equipment were homemade, as

reviously reported [ 23 , 24 ], which were used for recording the electro-

hysiological signals detected by MEAs. 

All animal experiments were conducted in accordance with the ethi-

al animal welfare requirements of the Aerospace Information Research

nstitute, Chinese Academy of Science (Approval No. AIRCAS-006-2). All

nimals used in the experiments were fed separately in a professional

iological laboratory, where the room temperature was controlled to

e within the range of 22–25 °C, the relative humidity was maintained

etween 30% and 50%, a natural light-dark cycle was provided, and

dequate food and water were available at all times. 
73
.2. Experimental design 

The experimental design is illustrated in Fig. 1 a, in which

prague− Dawley rats were anesthetized with varying concentrations of

soflurane. As depicted in Fig. 1 b [25] , the MEAs was implanted into

he CA1 of the rats, which was used to record the electrophysiological

ignals including the spike firings of the neurons and LFPs. 

Three replicate experiments were performed in the presented study.

he electrophysiological signal was obtained through the homemade

lectrophysiological recording system. The spike sampling frequency

as set to 30 kHz, while the LFPs sampling frequency to 1 kHz. The

hysiological characteristics were characterized based on the respira-

ory rate, which was measured every 2 min for 30 s each time during

he experiment. 

.3. Design, fabrication and modification of MEAs 

In order to record the electrophysiological signals in field CA1 of the

ippocampus (CA1), the MEAs were designed with 32 microelectrodes,

ach with a diameter of 5 μm. The microelectrodes were distributed at

he tips of four 5 mm shanks, and each shank was 170 μm in width,

5 μm in thickness and 120 μm spacing to match the size of neurons

nd the depth, shape and size of CA1, as shown in Figs. 2 a, b and S1. 

The silicon-based MEAs were fabricated based on micro electrome-

hanical system (MEMS) process described in a previous report [26] .

s illustrated in Fig. 1 c, the fabrication process involved the following

teps: (i) The MEAs were fabricated on a silicon-on-insulator (25 μm

i/1 μm SiO2 /400 μm Si), which was first subjected to thermal oxi-

ation to produce a substrate insulation layer, in order to insulate the

etal layer from the silicon substrate. (ii) The photoresist patterning

or metal tracing was generated using photolithography. (iii) Ti/Pt was

puttered to form the metal layer. (iv) The metal layer pattern was

ormed by lift-off. (v) SiO2 /Si3 N4 was deposited by plasma enhanced

hemical vapor deposition technique, which produced an insulation

ayer. (vi) The photoresist patterning for the exposed sites was con-

ucted using photolithography. (vii) The insulation layer (SiO2 /Si3 N4 )

as etched using CHF3 reactive ion etching to expose the recording

ites. (viii) The photoresist patterning for the shape of the MEAs was

erformed using photolithography. (ix) The SiO2 /Si layer was etched

sing the deep reactive ion etching technique, which formed the shape

f the MEAs. (x) The MEAs were released from the wafer by wet

tching. 

In order to record the electrophysiological signals with high spa-

iotemporal resolution, it is necessary to reduce the microelectrode

mpedance, which was achieved using a surface modification technique.

ll microelectrodes (S01-S32) were modified with PtNPs by chronoam-

erometry (− 1.17 V, 120 s) using a two-electrode system with Pt as the

eference electrode. 

.4. Electrophysiological signals recording of the hippocampal CA1 using 

he MEAs 

In the surgery, the rats were first anesthetized with isoflurane

3%− 5% for induction and 0.8%− 1.5% for maintenance) and then fixed

n the stereotaxic frame. The hair and scalp of the rat were cut using a

azor to expose the skull. The coordinates of craniotomy were 3 mm

ehind the midline and 1.5 mm laterally (AP: 1.5 mm, ML: 3 mm). A

kull screw was fixed on the skull of the rat as the grounding electrode,

nd a window was formed using a skull drill at the target position on

he skull. Afterward, the rats and all equipment were placed into the

lectromagnetic shielding box to eliminate the interference of external

oise. Next, the MEAs was implanted into the rat’s brain via the formed

indow (DV: 3 mm). 

After the surgery, the shield box and the skull screw were con-

ected with copper wires as grounding to improve the SNR of the sig-

al. The MEAs and the homemade electrophysiological signal record-
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Fig. 1. The schematic diagram of experiment process technological and the process of MEAs fabrication. (a) Scheme of animal experiment, the MEAs were 

implanted in the brains of rats anesthetized by isoflurane. (b) Position of the MEA implantation, which is a magnified image of the blue box in (a). (c) Schematic 

diagram of the fabrication process of MEAs: (i) Thermal oxidation on SOI to produce a layer of SiO2 . (ii) Generate the photoresist patterning for metal trace by 

photolithography (5214E). (iii) Sputtering metal layer (Ti/Pt). (iv) Pattern metal layer by lift-off. (v) Deposition of SiO2 /Si3 N4 by plasma enhanced chemical vapor 

deposition. (vi) Generate the photoresist patterning for exposed site by photolithography (AZ1500). (vii) Insulation layer (SiO2 /Si3 N4 ) etching. (viii) Generate the 

photoresist patterning for shape of the MEAs by photolithography (AZ4620). (ix) SiO2 /Si layer etching. (x) Releasing of the MEAs. 
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ng equipment were connected with copper wires to record the elec-

rophysiological signals. The electrophysiological signals detected by

he MEAs were further processed by the amplifier and then simultane-

usly imported into the data acquisition module. Afterward, the signals

ere imported to the signal acquisition software via a universal serial

us. 

.5. Statistical analysis 

The result data were presented as mean ± SD. The statistical sig-

ificance was set at P < 0.05 (ANOVA analysis). The exact statistical

ethod is indicated in the figure legends, ‘N’ always refers to the num-

er of experiences, and ‘n’ always refers to the number of channels. In

ddition, 20 of the 32 channels with higher SNR were selected for fur-

her statistical analysis to ensure the accuracy of the results. 

NeuroExplorer 4 (Nex Technologies, USA) and Offlinesorter (Plexon,

SA) were used for spike classification and preliminary processing. 

. Results and discussion 

.1. Characterization of the electrical performance of microelectrodes 

The microscopic image of the surface of the microelectrodes fabri-

ated based on MEMS processing technology is shown in Fig. 2 b. The

icroscopic image of the PtNPs-modified sites is shown in Fig. 2 c. As

isible in the figure, the surface of the modified sites is covered with
74
 layer of rough black nanomaterial, indicating that the surface was

uccessfully modified with PtNPs. The morphology of the PtNPs modi-

ed microelectrodes was characterized by scanning electron microscopy

SEM), and the SEM images are depicted in Figs. 2 d and S2. As visible in

he figures, PtNPs tightly adhered to the microelectrode surface, and the

anomaterial formed rich nanostructures, making the microelectrode

urface rougher and increasing the surface area of the microelectrode

ffectively. This would improve the electrical conductivity and electri-

al performance of the microelectrode. 

In order to characterize the electrical properties of the microelec-

rodes, the electrochemical impedance spectroscopy (EIS) of all 32 mi-

roelectrodes in the standard PBS was carried out based on the tradi-

ional three-electrode system to characterize the impedance and phase

elay performance of the microelectrodes ( Fig. 2 e, f). In the frequency

ange from 10 Hz to 1 MHz, a significant reduction in the impedance

nd phase delay was observed for the modified microelectrodes com-

ared to the bare ones, indicating that the PtNPs-modified sites present

 lower impedance and phase delay. 

At the frequency of 1 kHz, which is commonly used in neuroscience

tudies as the central frequency of neural activity [27] , the impedance

f the PtNPs-modified microelectrode was 11.5 ± 1 k Ω and the phase

elay was − 18.5° ± 2.54°, and these values had reduced from the cor-

esponding values of 1504 ± 350 k Ω and –73.2° ± 2.89°, respectively,

or the bare electrode. These results demonstrated that PtNPs modifi-

ation could reduce the characteristic impedance of the microelectrode

t 1 kHz to 7.64% and the phase delay to 25% compared to the corre-

ponding values for the bare electrode, which implied that the electrical
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Fig. 2. PtNPs-modified MEAs and electrical performance characterization of the MEAs. (a) Completed MEAs connected with the printed circuit board. (b) 32 

sites distributed on the tip of four shanks, which is a magnified image of the blue box in (a). (c) Microscopic images of the PtNPs-modified sites, which is a magnified 

image of the blue box in (b). (d) Morphology of the PtNPs-modified sites characterized by scanning electron microscopy, which is a magnified image of the blue box in 

(c). (e) Impedance characteristics of bare and PtNPs-modified sites at different frequencies. The shadow is the error bar calculated from the impedance characteristics 

of thirty sites. (f) Phase characteristics of bare and PtNPs-modified sites at different frequencies. The shadow is the error bar calculated from the phase characteristics 

of thirty sites. 
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erformance of the microelectrode was significantly improved by PtNPs

odification. 

In order to characterize the electrophysiological signal recording per-

ormance of the fabricated MEAs in vivo, the MEAs were implanted into

he hippocampus CA1 of rats with spikes and LFPs recorded by twelve

epresentative channels were shown in Fig. 3 a, b. It was observed that

he MEAs could record the multi-channel electrophysiological signals.

he detected raw signals are presented in Figs. 3 c and S3. The SNR was

alculated by using the formula [28] : SNR = 𝑉 ∕2 𝜎, where V was the

eak-to-peak value of the mean spike waveform and 𝜎 was the stan-

ard deviation of the baseline noise. In general, SNR ranged from 5.5

o 13.5 in 20 representative channels, and the average SNR of 20 chan-

els was 8.75, which was comparable to earlier research [ 29 , 30 ]. This

ndicated that the MEAs were capable of recording the electrophysio-

ogical signals accurately, which implied that the MEAs could deliver

ulti-channel detection functions for neuronal activity with high SNR. 

The representative spikes waveforms recorded by MEAs are pre-

ented in Fig. 3 d. The waveforms of the multi-unit spikes recorded by

17 are shown in Fig. 3 di. According to the previous research [ 5 , 31 , 32 ],

he spikes of single neurons were sorted by the following methods:

rst, the waveforms of multi-unit spikes were mapped into the two-

imensional plane by principal component analysis. Then, the action

otential waveforms of single-unit were then separated by K-means clus-

er analysis (Fig.S4), The results of spike-sorting are shown in Fig. 3 dii,

hich showed the action potential waveforms fired by three single neu-

ons recorded by S17. In addition, more waveforms of single-unit spikes

ecorded by different channels are presented in Fig. S5, and the inter-

pike interval histogram of single-unit spikes recorded by S17 was pro-

ided in Fig.S6, which showed that the first few bins of the histogram

ere empty, which indicated the spikes were fired by single-units.

herefore, it was convincing that the MEAs were capable of recording

euronal spike firing activity accurately, thus, the MEAs could detect

he neural information in hippocampal CA1 at the single-cell level ac-

urately. 
75
.2. Characteristics of the electrophysiological signals with varying 

soflurane concentration 

The dynamic processes of the electrophysiological signals in the CA1

rain region of rat hippocampus and the respiratory rate during the

hange in the isoflurane anesthetic concentration were further analyzed.

he changes in the isoflurane anesthetic concentration over time are

resented in Fig. 4 a. The isoflurane anesthetic concentration increased

rom 1.0% to 1.75%, followed by a decrease to 1%, with a gradient of

.25%, and each concentration maintained for 120 s. Fig. 4 b presents the

ariations in the rat respiratory rate during the change in the isoflurane

oncentration. The respiratory rate decreased significantly with the in-

rease in the isoflurane concentration and reached a minimum value of

9 times/min at 560 s. The minimum values of respiratory rate appeared

ithin 120 s after the maximum value of isoflurane concentration and

ere maintained for a period of time. 

The spike raster in the representative channel (S05) is shown in

ig. 4 c. The average value of the spike firing rate recorded by the 20

icroelectrodes was calculated (as shown in Fig. 4 d). The spike firing

ate was observed to decrease over time. The spike firing rate decreased

rom the peak value of 12 Hz at 0 s to the minimum of 0.5 Hz at 600 s,

hen maintained until 820 s. In addition, the variations in the spike firing

ate with the isoflurane anesthetic concentration were observed, which

evealed that the spike firing rate decreased with the increase of isoflu-

ane concentration from 1% to 1.75% and then maintained even when

he isoflurane concentration decreased from 1.75% to 1%. This result

ndicated that isoflurane could inhibit spike firing activity of neurons

nd isoflurane at the concentration of 1.75% caused a sustained effect

n the spike firing activity of neurons. 

The LFPs of the representative channel (S05) is shown in Fig. 4 e, and

ig. 4 f, g presents the statistical analysis results for the LFPs recorded

n 20 channels. The average value of the power of LFPs was calculated

as shown in Fig. 4 f). It was observed that the LFPs power increased and

hen maintained over time. In the 0–600 s period, there was an increase
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Fig. 3. Electrophysiological signals detected by the PtNPs-modified MEAs. (a) Representative twelve channels of spike raster. (b) Representative twelve channels 

of LFPs. (c) Raw data of electrophysiological signals recorded by S14 (i) and S17 (ii) of the MEAs, the blue box showed the baseline noise. (d) Representative spikes 

recorded by and S17 of the MEAs: (i) Waveforms of multi-unit spikes recorded by channel S17. (ii) Waveforms of action potentials fired by three single-unit obtained 

by spike sorting. 
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rom 1.5 𝜇W to 2.75 𝜇W, while the power was maintained at around

.4 𝜇W until 820 s. When the variations in the power of LFPs with the

soflurane anesthetic concentration were observed, it was revealed that

he power of LFPs increased with the increase of isoflurane concentra-

ion from 1% to 1.75% and then maintained even when the isoflurane

oncentration decreased from 1.75% to 1%, These results indicated that

soflurane at the concentration of 1.75% caused a sustained effect on

he power of LFPs. Fig. 4 g depicts the spectrograms of the LFPs. It can

e observed that the total power of LFPs increased over time gradually

rom 0 to 600 s and then maintained over time. The power change was

ore evident around 8 Hz. When the variations in the spectrogram of

he LFPs with the isoflurane anesthetic concentration were observed, it

as revealed that the total power of LFPs increased with the increase
76
f isoflurane concentration and the power of LFPs changed most signif-

cantly around 8 Hz. 

.3. Characteristics of spike under different concentrations of isoflurane 

nesthetic 

Rats were subjected to different levels of anesthesia mediated by var-

ous concentrations of isoflurane. Statistical analysis was performed on

he spike firing rates under different degrees of isoflurane anesthesia.

he spike firing rates of hippocampal CA1 neurons were significantly

ifferent under the different concentrations of isoflurane anesthetic, as

epicted in Fig. 5 a. It was shown that the firing rates decreased signif-

cantly with the increase in the isoflurane concentration, and the aver-
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Fig. 4. Characteristics of the electrophysiological signals during changes in isoflurane concentration. (a) Variation of isoflurane concentration. (b) Dynamic 

variations of respiratory rate in rats under isoflurane anesthesia with varying concentrations. (c) Spike firing recorded by S05 during changes in isoflurane concentra- 

tion. (d) Average spike firing rate during the change in anesthetic concentration ( N = 3, n = 20). (e) LFPs recorded by S05 during changes in isoflurane concentration. 

(f) Average LFPs power histogram ( N = 3, n = 20). (g) Spectrogram of LFPs ( N = 3, n = 20). 

a  

a  

f  

c  

f  

a  

c  

p  

1  

t

3

a

 

t  

w  

c  

t  

w  

o

ge firing rate at 1.75% isoflurane concentration was just 54% of the

verage firing rate at 0.5% isoflurane concentration. The spike wave-

orms under different levels of isoflurane anesthesia were analyzed and

ompared ( Fig. 5 b). It was shown that the amplitude of the spike wave-

orms decreased with the increase of isoflurane concentration. The aver-

ge spike power at different concentrations of isoflurane anesthetic was

alculated and analyzed ( Fig. 5 c). It was shown that the average spike

ower under 0.5% isoflurane concentration was higher than that under

.75% isoflurane concentration, thus, the spike power decreased with

he increase of isoflurane concentration. 
77
.4. Characteristics of LFPs under different concentrations of isoflurane 

nesthesia 

LFPs are a complex combination of the electrophysiological activi-

ies of several neurons around the recording microelectrode [33] . Rats

ere subjected to different levels of anesthesia mediated by different

oncentrations of isoflurane, as recorded by representative channels of

he hippocampal CA1 LFPs shown in Fig. 6 a. Low-frequency oscillations

ere observed at higher isoflurane concentrations, and the amplitude

f the LFPs was also enhanced. 
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Fig. 5. Characteristics of the spikes at different concentrations of isoflurane anesthesia. (a) Statistical analysis of the average spike firing rates at different 

concentrations of isoflurane anesthesia ( N = 3, n = 20; ∗ ∗ ∗ P < 0.001; ∗ ∗ P < 0.01; ∗ P < 0.05). (b) The average spike waveform of rats at different concentrations of 

isoflurane anesthesia ( N = 3, n = 20). (c) The average spike power at different concentrations of isoflurane anesthesia ( N = 3, n = 20). The shadow is the error bar 

calculated from the spike power of 20 channels. 
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The PSDs of the LFPs at different concentrations of isoflurane are

hown in Fig. 6 b. The total power of LFPs was enhanced with the in-

rease of isoflurane concentration. The power around 8 Hz changed

ore significantly, and the peak of PSD moved from 4 Hz to 8 Hz.

he LFPs were divided into four bands for power calculation based on

heir frequency ( Fig. 6 c), the power of 𝛿 band (0–4 Hz) was maintained

hile the power of 𝛼 (7–13 Hz), 𝛽 (13–30 Hz), and 𝜃 (4–7 Hz) bands

nhanced with the increase of isoflurane concentration. Among these,

he power enhancements of 𝛼 and 𝜃 bands were more obvious, which

as consistent with the phenomenon presented in Fig. 6 b. The spec-

rograms of the LFPs under different concentrations of isoflurane are

hown in Fig. 6 d. It was observed that the power of LFPs was lowest

t 0.5% isoflurane concentration, enhanced at 1% isoflurane concen-

ration, and significantly increased at 1.75% isoflurane concentration.

urthermore, the power enhancement of the LFPs around 8 Hz was more

ignificant. This phenomenon was consistent with the results of pre-

ious research [ 34 , 35 ], which reported that inhaled anesthetics such

s isoflurane could enhance low-frequency oscillations and increase

he amplitude and power of oscillations in the brain to maintain the

nesthesia. 

.5. Correlation between electrophysiological signals and anesthetic 

oncentration 

The accurate recording of neuron electrophysiological signals from

he deep brain is an important topic in neuroscience. MEAs, as a
 C

78
inimally invasive signal detection tool, have great advantages in

he detection of electrophysiological signals from the deep brain [36–

8] . Owing to their micron-level sizes, MEAs cause little damage

o the brain tissue and have almost no effect on experimental re-

ults. In addition, MEAs have a high spatial and temporal resolu-

ion, allowing real-time accurate detection of the electrophysiologi-

al activity of individual neurons [31] . The modification of PtNPs

ubstantially reduced the impedance and phase delay of the micro-

lectrodes by increasing the contact area between the surface of the

icroelectrodes and the neurons, thus improving the electrical per-

ormance of MEAs and facilitating the accurate detection of neural

ctivity. 

Isoflurane anesthetic exerts a wide range of influence on the brain,

nd the hippocampus is an important part of the anesthesia-wake neural

ircuit. Therefore, further study on the electrophysiological and electro-

hemical signals under the influence of isoflurane in this area would

ontribute to an in-depth understanding of the mechanism of isoflu-

ane anesthetic and provide research methods and technical means for

he monitoring of clinical anesthesia. In recent years, a series of stud-

es have been conducted to demonstrate that isoflurane affects neu-

al activity in hippocampal CA1, causing changes in EEG, LFPs, and

eading to anesthetic-induced amnesia [39] . These findings drove the

resent investigation on neuronal activity in hippocampal CA1 under

soflurane anesthesia, therefore the isoflurane anesthesia model was se-

ected to detect the neuron electrophysiological signals in hippocampal
A1. 
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Fig. 6. Characteristics of the LFPs at different concentrations of isoflurane anesthesia. (a) Representative channels of LFPs at different concentrations of 

isoflurane anesthesia. (b) Power spectral density (PSD) of LFPs at different concentrations of isoflurane anesthesia in the frequency band of 0− 30 Hz. The shadow 

is the error bar calculated from the PSD of the LFPs recorded by sixteen channels ( N = 3, n = 20). (c) Power of LFPs and different frequency oscillation at different 

concentrations of isoflurane anesthesia ( N = 3, n = 20). (d) Spectrogram of LFPs at different concentrations of isoflurane anesthesia ( N = 3, n = 20). 

 

r  

b  

n  

w  

w  

c  

t  

C  

t  

1  

r  

r  

r  

c  

a

 

i  

t  

v  

o  

h  

i  

t  

s  

s  

C  

s  

h  

l  

t  

m  

w  

t  

d  

t  

f  

s  

p  

n  

m  

d  

p  

t  

a  

t  

e  

C  

a  

t

With changes in isoflurane concentration, significant changes were

ecorded in the hippocampal CA1 region of rats ( Fig. 4 ), in terms of

oth physiological characteristics and neuron electrophysiological sig-

als (spike and LFPs). The respiratory rate and the spike firing rate

ere observed to decrease with increasing isoflurane concentration,

hile the power of LFPs increased with increasing isoflurane con-

entration. A strong correlation existed between such changes and

he variations in isoflurane concentration, indicating that hippocampal

A1 neurons are sensitive to isoflurane concentration. Further, when

he isoflurane concentration was gradually decreased from 1.75% to

.0%, the spike firing rate and LFPs power were maintained for a pe-

iod of time, indicating a sustained effect of isoflurane on the neu-

ons in CA1. These findings suggested that the activity of CA1 neu-

ons in the rat hippocampus could reflect changes in isoflurane con-

entration in real time and could be used to characterize the degree of

nesthesia. 

Electrophysiological signals in rat hippocampal CA1 showed signif-

cant differences among different levels of isoflurane-mediated anes-

hesia at different isoflurane concentrations. CA1 spike firing activity

aried with the degrees of anesthesia ( Fig. 5 ). The spike firing rate

f lower concentration isoflurane was significantly higher than that of

igher concentrations, the amplitude of spikes at lower concentration

soflurane was slightly increased compared to that of higher concentra-

ions, and the spike power at lower concentrations of isoflurane was

lightly enhanced compared to that of higher concentrations. These re-
79
ults indicated that isoflurane could inhibit the spike-firing activity of

A1 neurons. CA1 LFPs varied with the different degrees of anesthe-

ia ( Fig. 6 ). The LFPs exhibited slow-wave oscillation characteristics at

igher concentrations of isoflurane, which induced the enhancement of

ow-frequency power in LFPs. The power of the LFPs at low concentra-

ions of isoflurane was lower than that at high concentrations, further-

ore, the power change was most obvious around 8 Hz. These results

ere consistent with the results of previous research, which reported

hat the amplitude and power of oscillations in the brain increased

uring anesthesia procedure [ 34 , 35 ]. We propose that the reason for

his phenomenon in LFPs is that isoflurane induces and enhances low-

requency oscillations in the CA1 region of the hippocampus and causes

low-wave phenomena in the LFPs. Consequently, the amplitude and

ower of LFPs increase under isoflurane anesthesia [40–42] . This phe-

omenon is inconsistent with changes in the spike firing activity, which

ay be explained by the fact that neurons do not fire action potentials

oes not imply that they have no potentiation activity; its membrane

otential continues to receive excitatory or inhibitory postsynaptic po-

ential information as well as generates potential fluctuations within

 certain range, and this subthreshold neural potential activity consti-

utes the main source of the formation of LFPs [ 43 , 44 ]. These phenom-

na suggest that both electrophysiological signals in rat hippocampal

A1 are capable of characterizing different concentrations of isoflurane

nesthetic and could be used for monitoring the level of isoflurane anes-

hesia. 



R. Hu, P. Fan, Y. Wang et al. Fundamental Research 5 (2025) 72–81

4

 

c  

d  

i  

f  

a  

a  

h  

r

 

r  

p  

C  

i  

t  

n  

t  

r  

c

 

d  

p  

c  

r  

t  

r  

c  

t  

t  

i  

a  

m  

c  

a  

a

D

 

w

A

 

o  

6  

o  

t  

2  

t

S

 

t

R

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

[  

 

[  

[  

[  

[  

 

[  

 

[  

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

[

[  

 

[  

[  

 

[  

[  

[  

 

[  

 

[  

[  

[  

 

[  

 

. Conclusion 

Four-shank 32-channel implantable MEAs were designed and fabri-

ated for detecting electrophysiological signals in the hippocampal CA1

uring anesthesia with varying concentrations of isoflurane. In order to

mprove the electrical performance of the MEAs, the microelectrode sur-

ace was modified with PtNPs to detect the electrophysiological signals

t low impedance (11.5 ± 1 k Ω), small phase delay (− 18.5° ± 2.54°)

nd high SNR (8.75). In this way, we could detect neural information in

ippocampal CA1 at the single-cell level with high spatial and temporal

esolution. 

The signals detected by MEAs revealed that isoflurane can affect neu-

onal activities in the rat hippocampus. Isoflurane anesthesia was ca-

able of inhibiting the spike-firing activity of neurons in hippocampal

A1 and enhancing low-frequency oscillations in CA1, resulting in the

ncrease of low-frequency power in LFPs. In addition, higher concentra-

ions (1.75%) of isoflurane were capable of causing sustained effects on

euronal activity in hippocampal CA1. These phenomena suggest that

he spike firing activity of CA1 neurons and LFPs power of CA1 could

eflect the isoflurane concentration during the isoflurane anesthesia pro-

edure. 

The utilization of detecting MEAs allowed for the exploration of the

ynamic procedure of isoflurane anesthesia at the single-cell level in hip-

ocampal CA1, and provided a research method for the monitoring of

linical anesthesia. Anesthetics have a wide range of effects on the neu-

onal activities in the brain. Our research only detected and analyzed

he neural information of hippocampal CA1 during anesthesia, more

elevant nuclei need to be studied in depth in subsequent work. During

linical general anesthesia, several different anesthetics are used simul-

aneously. In our study, only the effects of isoflurane were explored, and

he effects of more commonly used anesthetics need to be investigated

n subsequent work. The implantation of MEAs was minimally invasive,

nd non-invasive methods are more necessary for clinical anesthesia

onitoring. If we can correlate the EEG and electrophysiological signal

haracteristics and discover the characteristics of EEG under isoflurane

nesthesia, it will support to develop an accurate technology to monitor

nesthesia degrees. 
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