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Integrated dopamine sensing and 40Hz
hippocampal stimulation improves cognitive
performance in Alzheimer’s mouse models

Shiya Lv1,2, Fan Mo1,2, Zhaojie Xu1,2, Yu Wang1,2, Yaoyao Liu1,2, Meiqi Han1,2,
Yiming Duan1,2, Luyi Jing1,2, Fanli Kong1,2, Qianli Jia1,2, Ming Li1,2, Wei Xu1,2,
Peiyao Jiao1,2, Mixia Wang1,2, Juntao Liu1,2, Jinping Luo1,2, Junbo Wang1,2,
Zhongwei Fan1,2, Yilin Song1,2 , Yirong Wu1,2 & Xinxia Cai 1,2

Hippocampal degeneration and reduced dopamine levels in Alzheimer’s dis-
ease are associated with severememory and cognitive impairments. However,
the lack of multifunctional in situ neural chips has posed challenges for inte-
grated investigations of Alzheimer’s disease pathophysiology, dopamine
dynamics, and neural activity. Therefore, we developed NeuroRevive-Flex-
Chip, a flexible neural interface capable of precise electrical modulation and
simultaneous in situ monitoring of dopamine levels and neural activity. In this
study, the NeuroRevive-FlexChip demonstrates improved electrochemical
detection sensitivity and modulation efficiency. Preliminary observations in
APP/PS1 mice indicate that implantation of the chip in the hippocampal CA1
region, combinedwith 40Hz stimulation, may contribute to the restoration of
dopamine release, a reduction in neuronal hyper-synchronization, and a shift
toward more stable firing patterns. These effects appear to be modulated by
dopamine-related mechanisms. Furthemore, 40Hz stimulation was observed
to correlate with reduction in Aβ42 deposition and modest improvements in
spatial cognition performance, as assessed by the Y-maze test. These findings
highlight the potential of NeuroRevive-FlexChip as a research tool for inves-
tigating the mechanisms of 40Hz stimulation in Alzheimer’s disease models.
Further studies could explore its utility in clarifying the relationship between
dopamine dysfunction, neural activity, and amyloid pathology. While these
early results are promising, additional preclinical and translational research
will be necessary to assess the therapeutic potential of this approach for
neurodegenerative diseases.

In Alzheimer’s disease (AD) models, the CA1 region pathway in the
hippocampus1–3 shows significant structural and functional altera-
tions that correlate with cognitive and memory impairments4. One
major cause is the formation and accumulation of beta-amyloid
oligomers5, which disrupt the internal structure of neurons6, causing

neuron loss7, synaptic degeneration8, and neuronal dysfunction9.
These pathological changes are also associated with disturbances in
the dopaminergic system and reduced dopamine (DA) levels10–12,
potentially influencing the cognitive, motor and behavioral symp-
toms observed in AD13–15. The complex interplay between DA
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signaling and neural activity may provide important insights into AD
pathogenesis at molecular and cellular levels. However, technical
limitations in simultaneously monitoring these dynamic processes
have constrained our understanding of their precise relationships.
Further investigation of these mechanisms could help identify
research directions for AD intervention strategies.

Electrical stimulation (ES) technologies, such as deep brain sti-
mulation (DBS)16–19, transcranial electrical stimulation (TES)20,21, and
transcranial magnetic stimulation (TMS)22, emerge as potential meth-
ods to activate neural networks and enhance neurotransmitter DA
transmission22, aiming to improvememory accuracy inADpatients23,24.
Although DBS, TES, and TMS offer targeted control, they still cannot
provide real-time feedback on the effects of ES on the release of
electrochemical neurotransmitters and neuronal electrophysiological
activity. Therefore, the development of a tool tailored to the hippo-
campus, capable of concurrently monitoring DA levels, neuronal
activity, and in-situ electrical modulation of dopaminergic neurons, is
urgently required.

Presently, similar neural chips typically offer only single-function
detection or regulation capabilities25,26. And most rely on rigid sub-
strate materials27,28. However, due to their brittleness and thickness,
the rigid substrates differ markedly in Young’s modulus from brain
tissue (nearly 106), potentially causing significant relative motion
injuries during long-term implantation29. In contrast, using flexible
materials like parylene with a lower Young’s modulus as the substrate
can significantly reduce damage to surrounding neurons and better
preserve complete neural information30.

In this work, we develop the NeuroRevive-FlexChip, a versatile
and flexible neural chip designed to concurrently monitor DA levels
and neuro-electrophysiological activity while regulating in-situ ES.
The NeuroRevive-FlexChip incorporates specialized coatings: PtNPs/
PEDOT/PPy/MWCNTs for ES and PtNPs/PEDOT/MWCNTs for neuro-
physiological and electrochemical detection. These tailored mod-
ifications ensure optimal accuracy, cost-effectiveness, and
manufacturing efficiency. Further, our simulation analyses post-
implantation in mouse brains demonstrate that the NeuroRevive-
FlexChip’s design minimizes detection interference. Using a 40Hz
stimulation frequency with variable stimulation currents, we
observed a short-term rebooting phenomenon in DA release fol-
lowing ES. During this rebooting phase, an increase in DA levels
correlates with burst firing in neurons, while a decrease corresponds
to tonic firing. At the macro-behavioral level, 40Hz ES enhances the
spontaneous alternation accuracy in the Y-maze. At the microscopic
neural molecular and cellular level, a reduction in Aβ42 and changes
in the microglial cell morphology are observed. Overall, the devel-
opment of the NeuroRevive-FlexChip integrates electrophysiological
and electrochemical dual-modalities with ES in a single device,
offering new possibilities for alleviating early symptoms of AD and
laying the groundwork for a deeper understanding of DA release in
the hippocampus in the context of AD.

Results
Structure of the Neurorevive-FlexChip
Structurally, theNeuroRevive-FlexChips utilize a dual-conductive layer
design, targeting theCA1 regionpathwaywith high throughput (Fig. 1a,
b). The fabrication process is described in Fig. 1c. The NeuroRevive-
FlexChips functionally facilitate in situ electrophysiological signals and
DA concentration detection during ES modulation.

The NeuroRevive-FlexChips feature a dual concentric ring setup
for ES. The 500μmouter ring functions as the positive electrode, and
the 420 μm inner ring is grounded (Fig. 1a, b). The formation of an
inner grounding shield effectively mitigates the crosstalk between
voltage induced by ES and the target electrochemical signals
(Fig.1d, e). Regarding spatial resolution, the NeuroRevive-FlexChips
provide two levels scales: 20μm and 10μm microelectrodes. The

20μm microelectrodes are positioned on the outer side to initially
identify the target neural network’s activity patterns. The 10μm
microelectrodes, located on the inner side, enable detailed detection
and improved spatial resolution after establishing the basic firing
patterns of the neural network. The dual-resolution approach
ensures accurate detection while enhancing the precision of the
measurements.

The electrical performance of the Neurorevive-FlexChip
The detection performance and ES capabilities of four electrode sur-
face materials—Bare, PtNPs, PtNPs/PPy/MWCNTs, PtNPs/PEDOT:PSS/
MWCNTs, and PtNPs/PEDOT:PSS/PPy/MWCNTs—were evaluated (Fig-
ure. S1–S3). At 1 kHz, the impedance values for 20μmmicroelectrodes
are recorded as 30 MΩ, 59 kΩ, 122 kΩ, 2 kΩ, and 3 kΩ respectively
(Fig. 2a, c), with corresponding phase delays of 82°, 37°, 23°, 4°, and 7°
(Fig. 2b, c). The impedance analysis reveals that PtNPs significantly
reduce impedance, while further additions like PPy/MWCNTs do not
continue this trend. Both PtNPs/PEDOT:PSS/MWCNTs and PtNPs/
PEDOT:PSS/PPy/MWCNTs modified electrodes lower the impedance
by more than four orders of magnitude compared to the bare micro-
electrode. The phase delay decreases dramatically for the modified
surfaces, resulting in reductions ranging from 55% to 95% compared to
the bare microelectrode (Fig. 2c). The FlexChip detects the Signal-to-
Noise Ratio (SNR) with a minimum noise baseline of 20μV and a
maximum noise baseline of 30 μV, achieving an SNR> 5 (Figure. S4).

Scanning electronmicroscopy (SEM) images illustrate the surface
structures of modified microelectrodes (Fig. 2d-f). The characteristics
of these materials closely influence the changes in impedance. PtNPs
create nano-flower structures that significantly increase the surface
area. MWCNTs and PEDOT:PSS enhance biocompatibility and further
reduce impedance and phase delay after PtNPs modification. Despite
PPy’s minimal content, it fills the nano-flower structures’ pores, which
increases electrode impedance.

The ES efficiency of three NeuroRevive-FlexChip modifications
PtNPs/PPy/MWCNTs, PtNPs/PEDOT:PSS/MWCNTs, and PtNPs/PED-
OT:PSS/PPy/MWCNTs was evaluated. Cyclic voltammetry (CV) scans
across a range of −0.5 V to 0.5 V at varying currents (20 μA, 40 μA, 60
μA, 80 μA, 100 μA) were conducted on themicroelectrodes (Fig. 2g-j).
With increasing scan current, the CV curve areas enlarged. Calculating
the double-layer capacitance via the formula (2), the PtNPs/PPy/
MWCNTs and PtNPs/PEDOT:PSS/MWCNTs modifications exhibited
capacitances of 0.09 ±0.01 μF and 0.64 ±0.03 μF, respectively. The
PtNPs/PEDOT:PSS/PPy/MWCNTs modified electrode demonstrated
the highest capacitance at 1.81 ± 0.14 μF, showing a strong linear cor-
relation (R² = 0.99). PtNPs/PEDOT:PSS/PPy/MWCNTs modified elec-
trode exhibited adouble-layer capacitance20 times higher than that of
PtNPs/PPy/MWCNTs and 2.8 times higher than PtNPs/PEDOT:PSS/
MWCNTs (Fig. 2k).

Additionally, charge storage capacity assessments revealed values
of 0.24 ± 0.05 mC·cm−2 for PtNPs/PPy/MWCNTs, 1.4 ± 0.35 mC·cm-2 for
PtNPs/PEDOT:PSS/MWCNTs, and 2.97 ± 0.78 mC·cm−2 for PtNPs/PED-
OT:PSS/PPy/MWCNTs. Consequently, the PtNPs/PEDOT:PSS/PPy/
MWCNTsmodifiedelectrode showcased a charge storage capacity 12.4
times greater than PtNPs/PPy/MWCNTs and 2.12 times greater than
PtNPs/PEDOT:PSS/MWCNTs (Fig. 2l).

In conclusion, the PtNPs/PEDOT:PSS/MWCNTs modified elec-
trode offers superior detection and the PtNPs/PEDOT:PSS/PPy/
MWCNTs offers superior stimulation performance, making it the pre-
ferred choice for minimizing microelectrode corrosion and tissue
damage.

The dopamine detection performance of the neurorevive-
FlexChip
In phosphate-buffered saline (PBS), the microelectrode displays no
oxidation peaks, whereas in a 200mM DA solution, an oxidation
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peak emerges at 0.36 V (Fig. 3a). Therefore, the microelectrodes
concentration-response curve to DA is calibrated at a voltage of
0.36 V (Fig. 3b, c), covering a DA concentration range from 0.01 to
80μM. A distinct step response in the microelectrode feedback
current is observed at 0.1μM DA. The current noise is primarily
caused by thermal noise, environmental noise, and intrinsic device
noise, with a baseline of 1.5 nA (Fig. 3c). Below 10μM, the current
fitting curve exhibits a slope of 0.03 (± 0.002), an intercept of 2.06
(± 0.08), and a linear correlation coefficient (R²) of 0.99. Above
10μM, the slope increases to 0.07 (± 0.004), with an intercept of 1.53
(± 0.02) and an R² of 0.97. The microelectrode exhibits sensitivities
of 71.71 pA/μM at low concentrations, 31.04 pA/μM at high con-
centrations, with an overall sensitivity of 37.54 pA/μM across the full
range. (Fig. 3d).

The specificity of the microelectrode is further assessed by
introducing potential interferents: uric acid (UA), lactic acid (LA),

ascorbic acid (AA), and 5-hydroxytryptamine (5-HT), each at 10μM,
into the PBS solution (Fig. 3e). Against a 5μMand 10μMDA target, the
microelectrode shows a 100% response to DA, negligible response to
UA, LA, and 5-HT, and a 10% response to AA, affirming its high speci-
ficity for DA detection (Fig. 3f).

40Hz ES-induced dopamine reboot and hyper-synchronization
quelling in mice
The current variations on the electrochemical detection microelectrodes
of the NeuroRevive-FlexChips indicate fluctuations in DA concentration
(Fig. 4a). Once ES starts, DA release increases regardless of the current’s
intensity. However, DA release reaches a peak and then decreases, influ-
enced by factors like synthesis rate, reuptake, and metabolism31,32.
This decline occurs regardless of ongoing stimulation. After stimulation
ends, DA release trends toward its pre-stimulation levels and may show a
secondary rise. This phenomenon could potentially be linked to
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Fig. 1 | The neurorevive-FlexChip. a Completed Packaging of NeuroRevive-
FlexChip (scale bars: 1mm).b Full ViewofNeuroRevive-FlexChip (scale bars: 1mm),
and detailed image of the tip of the mfMEA in the black circle (scale bars: 100 μm).
c The NeuroRevive-FlexChip fabrication process: i Deposition of a 6 μm parylene
layer onto a cleaned silicon wafer; ii Spin-coating of photoresist AZ5214 onto the
parylene layer; iii Photolithographic definition of patterns for the deep conductive
layer; iv–v Sputtering and lift-off of the deep Cr/Au (30/200nm) conductive layer;
vi Deposition of a 2μm parylene layer; vii Photolithographic definition of patterns

for the shallow conductive layer; viii Sputtering and lift-off of the shallow Cr/Au
(30/200 nm) conductive layer; ix Depositionof another 2μmparylene layer; x Spin-
coating of photoresist AZ4620 onto the parylene layer; xi–xii Exposure of micro-
electrodes and pads through photolithography and etching; xiii Spin-coating of
photoresist AZ4903 onto the parylene layer; xiv–xv Patterning of the NeuroRevive-
FlexChip contours through photolithography and etching. d Surface Potential
Simulation from Electrical Stimulation (ES) (scale bars: 1mm). e The electro-
chemical response under in vitro stimulation.
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mechanisms such as rho-mediated internalization of DA transporters,
though further investigation is required to clarify the underlying
processes33. Each stimulation session appears to be followed by a recur-
ring pattern inDA concentration dynamics, including an initial decrease, a
subsequent rise, and a later decline (Fig. 4b). After 100μA and 200μA
stimulation, the initial valley of DA gradually increases. At 300 μA,

the initial valley significantly increases, nearly tripling. Following 300μA
stimulation, a trend toward elevated DA levels in the initial and sub-
sequent valleyswas observed, though further studies are needed to assess
the stability and reproducibility of this effect.

The pre-ES average spike firing rate in awake APP/PS1 mice
was 4.79Hz, almost six times the 0.84Hz in wild-type mice. The
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Fig. 2 | The electrical performance of the neurorevive-FlexChip. a–c Impedance
and phase of NeuroRevive-FlexChip with the following conditions: bare surface,
surface modified with PtNPs, PtNPs/PPy/MWCNTs, PtNPs/PEDOT:PSS/MWCNTs,
and PtNPs/PEDOT:PSS/PPy/MWCNTs (n = 3 independent detection sites per group;
data are presented as mean ± s.d.; P values: Bare vs. PtNPs, P =0.0001; PtNPs vs.
PtNPs/PPy/MWCNTs, P = 0.1792; PtNPs vs PtNPs/PEDOT:PSS/MWCNTs, P =0.0008;
PtNPs vs PtNPs/PEDOT:PSS/MWCNTs/PPy P = 0.0009; PtNPs/PEDOT:PSS/MWCNTs
vs. PtNPs/PEDOT:PSS/MWCNTs/PPy, P =0.332). d–f SEM image of NeuroRevive-
FlexChipwith the following conditions: surfacemodifiedwithPtNPs/PPy/MWCNTs,
PtNPs/PEDOT:PSS/MWCNTs, and PtNPs/PEDOT:PSS/PPy/MWCNTs. g–i The CV
curves of modified micro-electrodes of NeuroRevive-FlexChip. g PtNPs/PPy/
MWCNTs, h PtNPs/PEDOT:PSS/MWCNTs, and i PtNPs/PEDOT:PSS/PPy/MWCNTs.
j The CV scanning (0.2–0.6 V) in a 200 μM DA solution of the NeuroRevive-

FlexChip. k The double layer capacitance (Cdl) of the PtNPs/PPy/MWCNTs, PtNPs/
PEDOT:PSS/MWCNTs and PtNPs/PEDOT:PSS/PPy/MWCNTs modified micro-
electrodes of NeuroRevive-FlexChip (n = 3 independent detection sites per group,
data are presented as mean ± s.d.). l The charge storage capacity of the PtNPs/PPy/
MWCNTs, PtNPs/PEDOT:PSS/MWCNTs and PtNPs/PEDOT:PSS/PPy/MWCNTs mod-
ified micro-electrodes of NeuroRevive-FlexChip (n = 3 independent detection sites
per group; data are presented as mean ± s.d.; P values: PtNPs/PPy/MWCNTs vs
PtNPs/PEDOT:PSS/MWCNTs, P =0.0048; PtNPs/PEDOT:PSS/MWCNTs vs PtNPs/
PEDOT:PSS/PPy/MWCNTs, P =0.0344; PtNPs/PPy/MWCNTs vs PtNPs/PEDOT:PSS/
PPy/MWCNTs, P =0.0039). Statistical significance was assessed by unpaired two-
tailed Student’s t-tests. ns, not significant (p ≥0.05); *p <0.05, **p <0.01,
***p <0.001, ****p <0.0001.
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Fig. 3 | The dopamine (DA) detection performance of the NeuroRevive-
FlexChip. a Cyclic voltammograms of the NeuroRevive-FlexChip working micro-
electrode in PBS and 200μM DA solution (−0.3 ~ 0.6 V, 100mV/s). b Calibration
curve of the DA detection micro-electrode (10 nM~80μM) (The red dashed box
indicates the DA detection range of 10 nM~2μM, which is magnified in Fig. 3c.).
c Local calibration curve of the DA detection microelectrode (10 nM~2μM).
d Current response fitting curves at different DA concentrations (0 ~ 10μM:

y = 0.07171x + 1.52608, R² = 0.973; 10 ~ 80μM: y =0.03104x + 2.06087, R² = 0.994)
(n = 3 independent detection sites per group; data are presented as mean ± s.d.).
e Current response curves under the interference of UA, LA, AA, 5-HT.
f Comparative current responses under interference (n = 3 independent detection
sites per group; data are presented as mean ± s.d.). Statistical significance was
assessed by unpaired two-tailed Student’s t-tests. ns, not significant (p ≥0.05);
*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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elevated firing rate suggests a predisposition for early hyper-
synchronization firings in APP/PS1 mice34–36. Post-ES, a marked
decrease in average firing rate was observed across sessions,
with reductions ranging from approximately 70% to 94%,
depending on the stimulation intensity and session. (Fig. 4c). On
the contrary, spike amplitude variations remained within 15%
(Fig. 4d, e). Following the initial 100 μA stimulation, spike amplitude
increased by approximately 10%, whereas it decreased by 3% and
9% after the first 200 μA and 300 μA stimulations, respectively
(Fig. 4e). Repeated stimulations at a single frequency appeared to
elevate spike amplitude relative to baseline, although the physiolo-
gical relevance of these amplitude fluctuations remains to be
determined.

In summary, our data suggest that intermittent short-term ES via
the NeuroRevive-FlexChip may influence DA release dynamics in a
reproducible manner, meriting further mechanistic and translational
exploration. Interestingly, APP/PS1 mice displayed elevated baseline
neuronal firing rates suggestive of early hyper-synchronization35.
Following ES, firing rates decreased and approached levels observed
in wild-type mice. However, further studies are needed to determine
the long-term effects and potential therapeutic relevance of these
changes.

Post-ES: profound interplay ofDAfluctuations and spike activity
To further investigate the potential interplay between ES-associated
changes in dopamine dynamics and the apparent reduction in hyper-
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synchronized firings quelling post-ES in APP/PS1 mice, the DA fluc-
tuations, spike, local field potential (LFP) electrophysiological signals,
and the instantaneous spike rate histogram of wild-type mice, pre-ES
APP/PS1 mice, and post 300μA ES APP/PS1 mice were analyzed
(Fig. 5a, S7).

Degeneration and dysfunction of VTA dopaminergic neurons
observed in APP/PS1 mice and reported in neurodegenerative
conditions—are associated with reduced dopaminergic outflow in
the hippocampus11,37,38. Initially, the DA concentration in the hip-
pocampus of wild-type mice is approximately 0.14 ~ 1 μM28,39;
however, the DA concentration in APP/PS1 mice is lower than that
in wild-type mice (Figure. S8). In the short period after 300 μA ES,

DA concentration in APP/PS1 mice generally is higher, between
0.0.3 ~ 0.6 μM. Comparing the electrophysiological signals of
wild-type mice and pre-stimulation APP/PS1 mice, APP/PS1 mice’s
spikes and LFP signals are denser, with the highest instantaneous
spike firing rate in wild-type mice not exceeding 8 Hz. However,
APP/PS1 mice show early hyper-synchronization firings, with rates
reaching up to 15 Hz. Following stimulation, spikes and LFP sig-
nals in APP/PS1 mice appeared sparser, and the instantaneous
spike firing rates decreased to values comparable to those
observed in wild-type mice.

In post-ES APP/PS1 mice, at 200 s, a transition from decreasing to
increasing DA concentration occurs. The timing of these changes
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Fig. 5 | Post-ES: profound interplay of DA fluctuations and spike activity. a DA concentration, spike, LFP, and instantaneous spike firing rate in wild-type mice and AD
mice pre- and post-ES. b Inter-spike interval (ISI) during the recording period after ES. c ISI corresponding to DA rise. d ISI corresponding to DA drop.
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closely coincides with the transitions in spike patterns, transitioning
from tonic firing to burst firing (Fig. 5a, and S10). However, the tran-
sitions between DA concentration and spike patterns exhibit a slight
time lag (Fig. 5a). This slight time lag might reflect spatial separation
between the recording electrodes, or possibly suggest a temporal
relationship—though not necessarily causal—between neuronal firing
and neurotransmitter release40.

Further analysis of spike firing rate and burst rates. During the
initial 200 s, with decreasing DA concentration, both spike firing and
burst frequencies display peaks evenly distributed over time. Post-
200 s, with rising DA concentration, the intervals between the burst
widened. Most peak values for average spike firing rate fall within
2 ~ 6 Hz. Analysis distinguished the neuronal electrophysiological
activities before and after the 200 s mark. The overall recording and
Inter-Spike Interval (ISI) were examined before and after 200 s
(Fig. 5b-d). During periods of decreasing DA concentration, a shorter
ISI was observed (Fig. 5c). When DA concentration increased, there
was a longer interval between high-frequency spike firings (Fig. 5d).
This suggests a possible correlation between DA concentration and
spike firing patterns: neurons exhibit tonic firings when DA con-
centration decreases and burst firing when DA concentration
increases (Figure. S9).

In summary, post-ES microelectrophysiological observations
suggest that hyper-synchronized firings observed inAPP/PS1micemay
be reduced following ES. Moreover, when DA concentration increases,
neuronal firing is characterized by burst firings; conversely, when DA
concentration decreases, firing patterns tend to be tonic firings.
Additionally, the average firing rate in each burst during DA rise was
around 40.49Hz, nearly identical to the stimulation frequency, raising
future questions about the influence of stimulation frequency on burst
synchrony.

Post-ES: Reduction in Aβ42 with Minimal Behavioral Effects
To elucidate the regulatory relationship between 40Hz gamma oscil-
lations and the dopaminergic system, we conducted targeted hippo-
campal microinjection experiments. Intracerebral administration of
the non-selective DA receptor agonist apomorphine (APO, 10μM)
induced an 8.5-fold increase in local DA concentration (from < 100nM
to 850 nM) as measured by the NeuroRevive-FlexChip system, con-
comitant with a significant transition in neuronal firing patterns from
baseline tonic firing to low-frequency burst firing (Figure. S10). These
findings are consistent with established evidence demonstrating that
DA receptor agonizts may alleviate Aβ42-induced synaptic plasticity
impairments and potentially contribute to reducing Aβ plaque burden
through dual activation of D1/D2 receptor pathways41,42. In antagonist
intervention studies, administration of the selective D2 antagonist
raclopride (5μM) did not significantly alter basal DA levels but com-
pletely abolished 40Hz stimulation-induced DA release, with electro-
physiological recordings confirming maintained tonic firing patterns.
These results corroborate published findings that D1 receptor antag-
onism by SCH23390 eliminates the neuroprotective effects of choli-
nesterase inhibitors, while postmortem studies revealing substantial
dopaminergic neuron loss (30–40%) in the substantia nigra pars
compacta of Evidence from postmortem studies in Alzheimer’s
patients supports the hypothesis that dopamine system impairment
may play a role in early disease progression11.

To further investigate the effects of 40Hz ES on the behavior of
APP/PS1 mice, the Y-maze, a common behavioral test for spatial cog-
nition in AD mice, was used (Fig. 6a). The correct entry into different
arms of the maze by the mice during spontaneous alternation was
considered correct. The spontaneous alternation rate increased from
47% (pre-ES) to 61% (post-ES) in APP/PS1 mice. In contrast, the spon-
taneous alternation rate of wild-type mice was 63% (Fig. 6b). Notably,
40Hz ES was associated with an increased spontaneous alternation
rate in APP/PS1 mice. While preliminary, this observation may suggest

a potential modulatory effect on spatial cognition that warrants
further investigation.

To more accurately assess the macrobehavioral changes in the
mice, the decision delay in the center of the Y-maze was used as an
indirect indicator of spatial decision-making behavior inmice. Thiswas
defined as the percentage of time spent making a decision relative to
the total time. The decision delay of APP/PS1 mice before ES was 21%,
which increased slightly to 20% after ES. Wild-typemice had a decision
delay of 15% (Fig. 6c).

Additionally, immunohistochemistry and immunofluorescence
staining were performed to evaluate the impact of 40Hz ES on the
neural molecules and cells of APP/PS1 mice. The results suggest that
40Hz ES may influence molecular and cellular markers, including
possible reductions in Aβ42 deposition and alterations in microglial
morphology. A substantial reduction in Aβ42 deposition was
observed in the DG and CA1 regions (Fig. 6d-g). The results of the
negative control experiment for IHC are presented in Figure. S11. In
healthy wild-type mice, microglia can phagocytose and clear waste,
damaged cells, and a small amount of amyloid-beta (Aβ), helping to
remove extracellular harmful substances and maintain neuronal
health. However, in APP/PS1 mice, microglial cells exhibit reduced
efficiency in clearing Aβ, leading to significant Aβ accumulation. This
inefficiency may also exacerbate neurodegeneration through exces-
sive release of inflammatory factors. Regarding microglial morphol-
ogy, wild-type mice exhibited a greater number of branches, longer
maximum branch length, and more branch endpoints, allowing them
to sense and monitor the surrounding environment and perform
routine neuroprotective functions (Fig. 6h–k). In AD mice, 40Hz
stimulation significantly increased the number of branches, max-
imum branch length, and branch endpoints, suggesting a potential
shift in microglial status toward a more activated phenotype. In
contrast, microglia in unstimulated APP/PS1 mice exhibited fewer
branches, shorter maximum branch length, and a reduced number of
branch endpoints (Fig. 6h–k). While ES appeared to modulate
microglial morphology in APP/PS1 mice, the changes did not fully
resemble those seen in wild-type mice, and the functional implica-
tions remain to be clarified.

Discussion
The abnormal deposition of Aβ and tau proteins promotes hippo-
campal long-term depression, which is considered a central mechan-
ism leading to synaptic dysfunction in AD1. Additionally, dysfunction in
dopaminergic neurons also contributes to AD progression11,43,44,
impairing synaptic plasticity in the hippocampus and disrupting neu-
ronal communication45, which results inmemory decline and impaired
spatial cognition46,47. The reduction in DA levels triggers neuroin-
flammation, potentially exacerbating Aβ accumulation and patholo-
gical development8. Therefore, the dysfunction of hippocampal
dopaminergic neurons and the significant decrease in DA levels may
offer crucial targets for early intervention and treatment10,48.

Dopaminergic neurons associated with cognitive function are
primarily concentrated in the ventral tegmental area (VTA) and locus
coeruleus (LC), and the hippocampus receives dopaminergic projec-
tions from both VTA and LC49,50. In the early stages of AD in mouse
models, the accumulation of Aβ and tau in the hippocampus is rela-
tively low, allowing dopaminergic neurons to retain partial receptor
functionality48. ES of the CA1 regions locally activates the axon term-
inals of dopaminergic neurons, causing depolarization and opening
voltage-gated sodium and calcium channels, which in turn triggers the
release of DA from synaptic vesicles. Additionally, ES of the CA1
regions enhances the excitability of glutamatergic neurons, promoting
a balanced interaction between DA and glutamate51, further increasing
DA release. Furthermore, this stimulation may activate neural net-
works connected to the hippocampus, exerting long-range modula-
tion. The depolarization signal propagates to the dopaminergic
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pathways within the mesolimbic system50, inducing a shift in dopa-
minergic neurons in the VTA or LC from tonic firing to burst firing52,53,
thereby increasing DA release. This enhanced release is projected to
the hippocampus via long axonal projections, a phenomenon
observed in our electrophysiological recordings.

In current research, 40Hz stimulation has been explored as a
treatment for AD, including optogenetic modulation, multisensory

stimulation, and transcranial alternating current stimulation (tACS)54.
Animal studies have shown that 40Hz optogenetic flicker stimulation
reduces Aβ deposition in the hippocampus55. Moreover, it alters the
morphology and function of microglia, enhancing their ability to
phagocytoseAβplaques55. Combined auditory and visualmultisensory
stimulation has also significantly decreased Aβ deposition in the hip-
pocampus and improved memory56–59. Clinical studies have validated
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that 40Hz visual/auditory stimulation slows brain atrophy in AD
patients60,61 and improves sleep quality62. The cognitive-enhancing
effects of 40Hz tACS have been confirmed, particularly in logical
reasoning63 and language insight64. It is currently hypothesized that
gamma frequencies are closely associated with higher-order cognitive
activities, with 40Hz stimulation inducing neural group resonance,
thereby enhancing cognitive functions. Together, these studies high-
light the potential of 40Hz stimulation in AD treatment, providing
strong scientific support for its selection as a preferred frequency for
brain stimulation.

Optogenetic stimulation relies on genetic manipulation and viral
transfection, which pose ethical and safety challenges in human
experiments65. Additionally, light penetration in tissue is limited
( < 1 cm)66,making it difficult to effectively target deepbrain regions. In
contrast, FlexChipESoffers stable stimulation frequencieswithprecise
targeting of brain regions, minimizing interference from undesired
frequency bands. Moreover, electrophysiological recordings of neural
populations and single neurons demands high precision and resolu-
tion. Similarly, the electrochemical responses are subtle (at the nA and
μA levels)67. Neurotransmitter fluctuations are restored quickly, and
the signal differences from baseline are often minimal, making them
difficult to capture. This is a key limitation that prevents further
advancement of extracranial devices like tACS. FlexChip not only
integrates electrophysiological recording, DA detection, and ES con-
trol, but also provides real-time, multidimensional feedback. It oper-
ates efficiently while minimizing tissue damage, making it a superior
tool for research and therapeutic applications.

Neuronal hyper-synchronization firings have been observed in
both AD patients and animal models, with some pathological features
overlapping with those seen in epilepsy patients34,35. Hyper-
synchronization firings may be related to dopaminergic dysfunction,
including changes in the expression of specific DA receptors68 and
increased firing of DA neurons. Activation of D1-like receptors (e.g., D1
and D5) promotes neuronal excitability, while activation of D2-like
receptors (e.g., D2, D3, D4) inhibits neuronal activity69. Therefore,
activation of D1 receptors lowers the seizure threshold and increases
the risk of seizures, while antagonizing D2 receptors can suppress
neuronal excitability. Currently, DBS is recognized as a treatment for
epilepsy, modulating the dopaminergic system to influence seizure-
related neuronal discharges. Additionally, imbalances in other neuro-
transmitters may also trigger epileptiform discharges, particularly
dysfunction in glutamatergic and GABAergic neurons, as well as acet-
ylcholine and 5-HT systems.

In the future, FlexChip stimulation therapy could be applied not
only to research on the stimulation mechanisms and treatment of

AD, but also extended to other neurological disorders associated
with neurotransmitter imbalances. Of course, there is still room for
development in comprehensive neurotransmitter detection and
multi-brain-region analysis. In terms of comprehensive neuro-
transmitter detection, it would be beneficial to add the capability to
detect glutamate, GABA, and 5-HT. By analyzing multiple neuro-
transmitters synergistically, we can explore the complex
interactions between AD and various neurotransmitters more dee-
ply. For multi-brain-region detection, given the wide projection
range of neurotransmitters, adding more electrodes or using single-
shankmulti-electrode implants to simultaneously test both upstream
and downstream regions of neurotransmitter projections (e.g., cor-
tex and VTA) would significantly advance the application of elec-
trochemical regulation in the treatment of neurodegenerative
diseases.

Methods
Animals
All animal care and procedures adhered to the guidelines set by the
Institutional Animal Care and Use Committee at the Aerospace Infor-
mation Research Institute, Chinese Academy of Science (AIRCAS), and
were approved by the Beijing Laboratory Animal Care Association and
the AIRCAS Animal Care and Use Committee under approval number
AIRCAS-202103-1.

Thirty male mice were used: wild-type mice (C57BL/6N) (n = 15)
supplied by Charles River Laboratory Animal Technology Co., Ltd.,
Beijing, China, and APP/PS1 AD mice (n = 15) supplied by Zhishan
Institute of HealthMedicine Co., Ltd., Beijing, China. At the time of the
neurophysiological and electrochemical signal tests, the mice were six
months old and had body weights of 25.4 ± 0.2 g and 25.8 ± 0.1 g,
respectively (mean ± SEM). Themice weremaintained at 20 °C and 40-
60% relative humidity under a 12-hour light/dark cycle. The experi-
mental APP/PS1 mouse is a widely used AD model. APP/PS1 mice are
generated through transgenic techniques by introducing the Swedish
mutant amyloid precursor protein gene (APP695swe) and the human
presenilin 1 gene with exon 9 deletion (PSEN1dE9) into the mouse
genome. Under the control of a tissue-specific promoter, these two
genes are highly expressed in the central nervous system of the mice,
leading to significant accumulation of Aβ amyloid in the brain tissue.
As the mice age, the brain develops amyloid plaques formed by the
aggregation of β-amyloid protein, accompanied by cognitive and
behavioral decline as well as other AD-related pathological changes. In
the brains of APP/PS1 mice, neuronal degeneration and synaptic
damage canbeobserved, including a reduction in synaptic density and
neuronal loss.

Fig. 6 | Behavioral, neuro-molecular, and cellular changes in APP/PS1mice pre-
and post-Electrical-Stimulation (ES). a Y-maze test paradigm. b P ercentage of
correct spontaneous alternation behavior in wild-type and APP/PS1 mice pre- and
post-ES (n = 13wild-typemice and n = 13 APP/PS1mice; data are presented asmean
± s.d.; P values: AD_Pre-ES vs. AD_Post-ES, P =0.0133; AD_Pre-ES vs. wild-type,
P =0.0025; AD_Post-ES vs. wild-type, P =0.8161). c Percentage of decision time
spent at the center of the maze in wild-type and APP/PS1 mice pre- and post- ES
(n = 13 wild-typemice and n = 13 APP/PS1mice; data are presented asmean ± s.d.; P
values: AD_Pre-ES vs. AD_Post-ES, P =0.4568; AD_Pre-ES vs. wild-type, P =0.0231;
AD_Post-ES vs. wild-type, P =0.1675). d Aβ42, and nuclear immunohistochemistry
staining in the hippocampus of wild-type and APP/PS1 mice pre- and post-
stimulation (Aβ42: brown, Hematoxylin: blue). e Microglia, Aβ42, and nuclear
immunofluorescence staining in the hippocampus of wild-type and APP/PS1 mice
pre- andpost-stimulation (Iba1: green, Aβ42: red, DAPI: blue). f Immunofluorescence
intensity in the hippocampus of wild-type and APP/PS1 mice pre- and post-
stimulation (P values: AD_Pre-ES vs. AD_Post-ES, P =0.0225; AD_Pre-ES vs. wild-type,
P =0.0054; AD_Post-ES vs. wild-type, P <0.0001). g Aβ42 plaque count in the hip-
pocampus of wild-type and APP/PS1 mice pre- and post-stimulation (P values:
AD_Pre-ES vs. AD_Post-ES, P =0.0463; AD_Pre-ES vs. wild-type, P =0.0006; AD_Post-

ES vs. wild-type, P =0.0002). (f, g: n = 4 independent samples for all data; data are
presented as mean ± s.d.; Box plots show the median as a center line, the inter-
quartile range as the box, minimum to maximum values as whiskers, individual
samples as dots, and group means as white squares.). h Immunofluorescence
staining of microglia, Aβ42, and nuclei in the hippocampal CA1 region of wild-type
and APP/PS1 mice before and after stimulation (Iba1: green, Aβ42: red, DAPI: blue),
along with the astrocytic cytoskeleton. i–kQuantification of astrocyte morphology
in wild-type and APP/PS1 mice before and after stimulation: i Number of branches
per single cell (P values: AD_Pre-ES vs. AD_Post-ES, P <0.0001; AD_Pre-ES vs. wild-
type, P <0.0001; AD_Post-ES vs. wild-type, P =0.0267), j Maximum branch length
per cell (P values: AD_Pre-ES vs. AD_Post-ES, P =0.0008; AD_Pre-ES vs. wild-type,
P =0.0001; AD_Post-ES vs. wild-type, P =0.0998), k Number of branch endpoints
per single cell (P values: AD_Pre-ES vs. AD_Post-ES, P <0.0001; AD_Pre-ES vs. wild-
type, P =0.0485; AD_Post-ES vs. wild-type, P <0.0001), (i–k: n = 15 independent
samples for all data; data are presented as mean ± s.d.; Box plots show the median
as a center line, the interquartile range as the box, minimum tomaximum values as
whiskers, individual samples asdots, andgroupmeans aswhite squares.). Statistical
significance was assessed by unpaired two-tailed Student’s t-tests. ns, not sig-
nificant (p ≥0.05); *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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Fabrication of the NeuroRevive-FlexChip
The NeuroRevive-FlexChip fabrication relies on Micro-Electro-
Mechanical System technology and requires four layers of masks for
pattern definition. The specific steps of the fabrication process are as
follows:

Parylene deposition. On a clean silicon wafer, a 6 μm parylene
layer is deposited using Chemical Vapor Deposition (CVD), serving as
the bottom flexible carrier layer for the NeuroRevive-FlexChip
(Fig. 1d (i)).

First photolithography. Photoresist AZ5214 is spin-coated onto the
parylene surface, defining the pattern for the deep conductive layer
(Fig. 1d (ii–iii)).

Deep conductive layer formation. The Cr/Au (30/200nm) is sput-
tered through physical vapor deposition (PVD) and lifted off to form
the deep conductive layer (Fig. 1d (iv–v)).

Isolation layer. A 2μmparylene layer is deposited usingCVD to isolate
the deep conductive layer from the shallow conductive layer
(Fig. 1d (vi)).

Secondphotolithography. Photoresist AZ5214 is spin-coatedonto the
parylene surface, defining the pattern for the shallow conductive layer
(Fig. 1d (vii)), repeating step (2).

Shallow conductive layer formation. The Cr/Au (30/200nm) is
sputtered through PVD and lifted off to form the shallow conductive
layer (Fig. 1d (viii)), repeating step (3).

Top isolation layer. A 2μm parylene layer is deposited using CVD to
form the top flexible insulation layer for the NeuroRevive-FlexChip
(Fig. 1d (ix)), repeating step (4).

Third photolithography. AZ4620 is spin-coated onto the top parylene
layer, defining sites for etching and the overall outline of the
NeuroRevive-FlexChip (Fig. 1d (x–xi)).

Plasma etching. Oxygen plasma etching exposes detection, stimula-
tion, counter, reference mico-electrodes, bonding pads, and the
overall outline of the NeuroRevive-FlexChip (Fig. 1d (xii)).

Fourth photolithography. AZ4903 is spin-coated onto the top par-
ylene layer, defining only the overall outline of the NeuroRevive-
FlexChip (Fig. 1d (xiii–xiv)).

Final plasma etching. Oxygen plasma etching defines the overall
outline of the NeuroRevive-FlexChip. After cleaning, the NeuroRevive-
FlexChip is obtained (Fig. 1d (xv))”.

Surface modification of the neurorevive-FlexChip
The NeuroRevive-FlexChip incorporates functional mico-electrodes
for electrophysiology, electrochemistry detection, and ES. Optimal
performance of detection microelectrodes requires low impedance
and minimal phase delay at 1 kHz. Moreover, the electrochemical
detection mico-electrodes need to exhibit low oxidation-reduction
potential, high sensitivity, and selectivity for DA detection. Conse-
quently, PtNPs/PEDOT:PSS/MWCNTs (xfnano) modification was
employed for both types of microelectrodes. Subsequently, a thin
Nafion ion exchange membrane layer was delicately coated on the
microelectrode surface. Tooptimize the charge storage capacity of the
stimulation microelectrodes on the NeuroRevive-FlexChip, three
modification schemes were electroplated and evaluated at mico-
electrodes with a diameter of 20μm. The modification schemes are

PtNPs/PPy/MWCNTs, PtNPs/PEDOT:PSS/MWCNT, and PtNPs/PED-
OT:PSS/PPy/MWCNTs.

PtNPs are pivotal in enhancing mico-electrode roughness, sub-
stantially reducing microelectrode impedance, minimizing phase
delay, and facilitating the attachment of PEDOT:PSS or PPy. Therefore,
all mico-electrodes were initially modified with PtNPs. The PtNPs
solution involvesmixing 48mMH2PtCl6 and 4.2mMPb(CH3COO)2 in a
1:1 ratio, which was then electrodeposited using a two-electrode sys-
tem through the chronoamperometry (IT) method with a potential of
−1.2 V for 60 s.

Following this, different modifications were applied to individual
mico-electrodes.

For the PPy/MWCNTs composite modification, 8mg of MWCNTs
(xfnano) was dissolved in 20ml ddH2O, sonicated for 30minutes, and
then combined with 2mM PPy (sigma). Further sonication was
employed until homogeneity was achieved. Electrodeposition was
conducted using CV in the potential range of 0-0.3 V at a scan rate of
100mV/s for 1 cycle.

In the case of the PEDOT:PSS/MWCNTs composite modification,
8mg of MWCNTs were dissolved in 20ml ddH2O, sonicated for
30minutes, and combined with 0.2M PSS (Alfa Aesar). After an addi-
tional 30minutes of sonication, 40mMEDOT (Clevios)was added, and
further sonication ensued until complete homogeneity was attained.
Electrodeposition is performed using CV in the potential range of
0-0.95 V at a scan rate of 100mV/s for 5 cycles.

Subsequently, the microelectrode was electrodeposited with the
PPy/MWCNTs colloid using CV in the potential range of 0-0.3 V at a
scan rate of 100mV/s for 1 cycle.

Finally, a Nafion (Shanghai aladdin Biochemical Technology
Co.,Ltd) coating was executed: using a pipette, 10μL of Nafion was
repeatedly dropped onto the electrode sites three times. Subse-
quently, the electrode was baked under a lamp for 20minutes, and
after 12 hours of Nafion film stabilization, it was ready for use.

The performance characterization of the NeuroRevive-FlexChip
The NeuroRevive-FlexChips are evaluated by capturing SEM images of
microelectrodes with different materials, testing electrical perfor-
mance, assessing DA (MACKLIN) response, and measuring charge
storage capacity in electrophysiological, electrochemical, and ES
microelectrodes.

SEM images were captured for microelectrodes modified
with PtNPs/PPy/MWCNTs, PtNPs/PEDOT:PSS/MWCNTs, and
PtNPs/PEDOT:PSS/PPy/MWCNTs. Electrical performance was
assessed through electrochemical impedance spectroscopy (EIS),
measuring impedance and phase delay. The electrochemical
performance involved CV scanning (−0.3 ~ 0.6 V) microelectrodes
in PBS and a 200 μM DA solution to determine DA oxidation
reaction potential. The response curve to DA was measured using
chronoamperometry. Charge storage capacity testing utilized CV
scanning (−1.5 to 1.5 V) to determine the water window (Fig-
ure. S5). In the water window range, CV scanning (−0.6 to 0.6 V)
determined the modified materials’ double-layer capacitance and
charge storage capacity.

After modification with differentmaterials, the surface area of the
microelectrode changes with varying roughness. Here, correction is
applied to the microelectrodes’ surface area70:

ABare=Areal =Rreal=RBareAreal = RBare=Rreal

� �
ABare ð1Þ

where Abare and Rbare represent the geometric surface area of the bare
microelectrode and the impedance in PBS solution, respectively. Areal

and Rreal denote the surface area of the modified microelectrode and
the impedance in the PBS solution, respectively.

The double-layer capacitance is calculated by taking the current
difference Δj at a specific voltage in a 100mV/s scan rate from the CV

Article https://doi.org/10.1038/s41467-025-60903-1

Nature Communications |         (2025) 16:5948 11

www.nature.com/naturecommunications


curve, then dividing it by the scan rate υ and the surface area A of the
detection microelectrode71.

Cdl =
Δj

vA
ð2Þ

The charge storage capacity can be calculated by integrating the
area under the CV curve and dividing it by the scan rate υ and the
surface area A of the detection microelectrode72.

CSC =
I

i
vA

dE ð3Þ

The stimulation electric field simulation of the NeuroRevive-
FlexChip
We conducted an ES simulation using COMSOLMultiphysics, focusing
on the NeuroRevive-FlexChip implanted in a mouse brain. In our
model, the mouse brain is simulated as a cerebrospinal fluid environ-
mentwith an electrical conductivity of 2 S/mand a relative permittivity
of 109. The stimulation utilizes platinum material for its high con-
ductivity of 8.9 × 106S/m and a relative permittivity of 1. The
NeuroRevive-FlexChip carrier is made of parylene, characterized by an
extremely low conductivity of 10-20S/m and a relative permittivity of
10. In our simulation setup, the concentricouter ringof the stimulation
carries a current of 300 μA, while the skull surface and the concentric
inner ring of the stimulation are grounded, replicating actual field and
grounding conditions. Additionally, the NeuroRevive-FlexChip carrier
and other brain surfaces are set as electrically insulating. This setup
allows us to simulate the distribution of the NeuroRevive-FlexChip’s
stimulation electric field within the mouse brain and assess its impact
on the targeted detection microelectrodes.

The NeuroRevive-FlexChip electrochemical response in vitro
stimulation
The electrochemical workstation is used to monitor the electro-
chemical response of the NeuroRevive-FlexChip. Initially, the detec-
tion microelectrodes of the NeuroRevive-FlexChip are immersed in an
extracellular PBS solution with a silver/silver chloride (Ag/AgCl)
reference electrode and a platinum (Pt) counter electrode. The work-
ing electrode is connected to the electrochemical detection micro-
electrodes. The stimulationmicroelectrode is linked to a custom-made
stimulation device (AIRCAS-128, China)73, providing the same para-
meters as in vivo stimulation: 40Hz frequency, 0.06 s pulsewidth, and
bidirectional current stimulation of 100μA, 200μA, and 300μA for
200 s each. It was observed that the current detected by the electro-
chemical workstation remained relatively constant during the stimu-
lation process (Fig. 1e).

Animal surgery procedure
Animal surgery has threemain parts: preoperative preparation, animal
surgery, and postoperative brain retrieval.

Firstly, PEG2000 (MACKLIN) is melted in a water bath at 70 °C for
preoperative preparation until entirely transparent. A small amount is
then takenwith a 10ml syringe needle and thinly coated on the surface
of the NeuroRevive-FlexChip. After a few minutes, wait until the PEG
hardens and turns white. Subsequently, the NeuroRevive-FlexChip is
inserted into a 0.6% agar solution and withdrawn after 3 s, causing the
surface PEG portion to dissolve. This ensures a small amount of thin
PEG remains on the implant shaft of theNeuroRevive-FlexChip, serving
a reinforcing purpose while minimizing electrode thickening.

Next, the animal surgery begins. The operating table and all sur-
gical instruments are cleaned and disinfected with ultraviolet light or
alcohol. The mouse is anesthetized with 5% isoflurane until the heart
rate is 1 beat/s. The anesthesia concentration is adjusted to 1.5%, and

the mouse is fixed on a stereotaxic instrument. The anesthesia main-
tenance concentration is 0.9% (RWD520, Shenzhen RWD LifeScience
Co., Ltd., Shenzhen, China). Themouse’s fur and scalp are successively
removed. A small window of 1.5mm× 1.5mm is opened in the right
hemisphere of the mouse, and the meninges are removed. The
NeuroRevive-FlexChip is implanted in the hippocampal CA1 region
pathway (AP: 2.3, ML: +2, DV: 1.4 to 1.6 relative to bregma)74. The
mouse’s skull is kept dry throughout the surgery whilemaintaining the
brain tissuemoist. After the electrode implantation is complete, excess
PEG on the surface of the electrode is melted with a gelatin sponge
soaked in physiological saline. Dental cement is applied around the
electrode to ensure relative fixation between the electrode and brain
tissue.

Finally, after completing signal detection, the mouse undergoes
cardiac perfusion with physiological saline and 4% paraformaldehyde
for postoperative brain retrieval. The mouse’s brain is removed and
sequentially immersed in 20% and 30% sucrose solutions until sinking.
Finally, the brain is frozen and sliced to observe the implantation
location of the electrode (Figure. S6).

Experimental platform
The experimental platform includes an electromagnetic shielding
cage, an integrated electrophysiological recording and ES system
(AIRCAS-128, China), and an electrochemical workstation (Gamry
Reference 600, Gamry Instruments, USA) (Fig. 7a). Three days after
surgery, the mouse’s head was securely positioned inside the electro-
magnetic shielding cage, with the FlexChip connected to the neural
signal processing headstage. The setup was then connected via wires
to the integrated electrophysiological recording andES systemand the
electrochemical workstation.

40Hz ES protocol
Prolonged and continuous ES can result in neural activity tolerance75

and may even cause uncontrollable neural firings76. Therefore, a dis-
crete stimulation protocol was implemented: six 400 s current pulses,
each separated by a rest period of at least 5minutes, cumulatively
exceeding 30minutes (Fig. 7b). Mice rested for a minimum of 5min-
utes between each stimulation session. Electrical currents were varied,
set to 100μA for 1 session, 200μA for 2 sessions, and 300μA for the
remaining 3 sessions. Stimulate at a fixed time period every evening
with a current of 300μA for seven consecutive days. At the start of
each stimulation, the mice briefly move slightly and then return to a
resting state. Electrophysiological recordings were initiated 2minutes
post-stimulation to minimize stimulation artifacts.

Electrophysiological, electrochemical recording and analysis
Mice are acclimated in the shielding cage for at least 30minutes, and
the electrochemical current response curves are monitored until they
stabilize. After the electrochemical baseline is stable, electrochemical
DA current response signals are recorded, and the electrochemical
recording continues throughout the experiment without interruption.
Next, the electrophysiological signals are recorded for 5min before
stimulation. Subsequently, the first 100μA, 40Hz ES is initiated, last-
ing for 400 s. Due to the noise introduced by ES causing distortion of
electrophysiological signals, electrophysiological signals are not
recorded during the stimulation process. After the stimulation ends, a
200–300 s wait is required to ensure no stimulation artifacts are pre-
sent before recording the electrophysiological signals for 5min. Fol-
lowing this, the paradigm is repeated with 2 sessions of 200μA and
3 sessions of 300μA ES and electrophysiological signal recording.

The laboratory’s self-made integrated electrophysiological
recording and ES system performs multi-stage filtering and amplifi-
cation of the electrophysiological signals captured by the FlexChip.
The electrophysiological signal sampling rate is set at 30 kHz, with a
high-pass filter at a cutoff frequency of 250Hz to obtain spikes and a
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low-pass filter at a cutoff frequency of 250Hz to obtain LFPs. The
electrochemical signals are recorded by the electrochemical work-
station (Gamry Reference 600, Gamry Instruments, USA).

Spike sorting/clustering was performed using Offline Sorter.
Neuronal signals were classified based on waveform parameters such
as spike amplitude and principal components. Clusters containing
similar valid waveforms were manually sorted to ensure that the
refractory period of single units was no less than 1ms. Finally, the
recorded electrophysiological signals were aligned with the electro-
chemical signals on the time axis.

Behavioral testing, recording, and analysis
The Y-maze consists of three equal-length arms, each 28 cm long,
5 cm wide, and with walls 10 cm high. The angle between the arms is
120°. The experiment includes three groups of mice: wild-type mice
implanted with electrodes, APP/PS1 mice implanted with electrodes
but not receiving ES, and APP/PS1 mice implanted with electrodes
that received ES. To avoid odor cues, the maze surface was wiped
with 70% ethanol and then rinsed with water after each trial. At the
start of each trial, the mouse was placed in the central connecting
area of the maze and allowed to explore freely. When the mouse
entered more than 25% of an arm’s length, it was considered to have
entered that arm for exploration. Depending on the mouse’s activity,
the experiment duration was recorded for 5 to 10minutes. During
the experiment, an optical camera was positioned above the Y-maze
to track the mouse’s movement. Behavioral analysis software (Etho-
Vision XT 15, Noldus, China) recorded the XY coordinates of the
mouse’s movement and measured the number of correct sponta-
neous alternations, total possible alternations, and the time spent in
both the arms and the central area. A correct spontaneous alterna-
tion was defined as the mouse consecutively entering three different
arms (e.g., entering Arm A, B, and C in sequence would count as one
correct alternation). The total possible alternations were calculated
as the total number of arm entries minus 2. Additionally, the time
spent in the central area of the Y-maze was defined as decision-
making delay before entering an arm.

Based on the data above, the spontaneous alternation accuracy
and decision delay percentage of the mice are calculated as follows:

Spontaneous alternation accuracy=
correct alternations

Total ppossible alternations
× 100%

Decision delay percentage=
Time spent in center area

Total time spent in the Y maze
× 100%

Immunohistochemistry and immunofluorescence staining
Perfusion and paraffin sectioning. Perfusion and tissue processing
were performed on wild-type mice, APP/PS1 mice implanted with
electrodes without stimulation, and APP/PS1 mice implanted with
electrodes and stimulated at 40Hz. After anesthetizing the mice, they
were perfused with saline in a volume equal to their body weight,
followed by 4% paraformaldehyde in a volume equal to their body
weight. The brains were extracted, immersed in 4% paraformaldehyde,
and fixed by refrigeration for at least one day. Following fixation, the
tissues wereparaffin-embedded and sectioned at a thickness of 5 µm in
the coronal plane. Sections were deparaffinized and subjected to
antigen retrieval. The sections were divided into two groups, one for
immunohistochemistry and the other for immunofluorescence
staining.

Immunohistochemistry (IHC). To reduce nonspecific staining, 3%
H2O2 was applied to the sections and incubated in the dark for
25minutes, followed by washing. Sections were then blocked with 3%
BSA for 25minutes, and primary antibodies anti-Aβ42 (1:50 dilution,
rabbitmonoclonal [mOC98], Abcam, catalog #ab201061, lot [1028231-
16]) and Iba1 (0.1μg/ml, rabbit monoclonal antibody [EPR16588],
Abcam, catalog #ab178846, lot [1090399-9]) were added, incubating
overnight at 4 °C. After three washes in 0.1M PBS at room tempera-
ture, sections were incubated with secondary antibody (#511203, ZEN-
BIOSCIENCE). DAB substratewas added to visualize positive staining in

Fig. 7 | Experimental setup and electrical stimulation (ES) protocol design.
a Experimental setup (including a shielded cage, integrated electrophysiological
recording and ES system, and electrochemical workstation). b 40Hz discrete ES

protocol (six 400 s current pulses: one pulse at 100 μA, two pulses at 200 μA, and
three pulses at 300 μA, with at least 5min of rest between stimulations). a Created
in BioRender. Lv, S. (2025) https://BioRender.com/0sxum4f.
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brown. After DAB development, the reaction was stopped by rinsing
with tap water, and the nuclei were counterstained with hematoxylin.

Immunofluorescence Staining. To reduce nonspecific background
staining, 3% H2O2 was applied and incubated in the dark for 30min-
utes, followed bywashing. Sections were permeabilized in 0.1% Triton-
100X for 30minutes at room temperature, and then blocked with 3%
BSA for 30minutes to prevent nonspecific protein binding. Primary
antibodies anti-Aβ42 (1:50, #ab201061, Abcam) and Iba1 (0.1μg/ml,
#ab178846, Abcam)were added and incubated overnight at 4 °C. After
three washes in 0.1M PBS at room temperature, diluted secondary
antibodies (#550037, #550043, ZEN-BIOSCIENCE) were applied for
incubation. DAPI was used for nuclear counterstaining, and sections
were mounted with an anti-fade mounting medium. Imaging was
performed using a laser scanning confocal microscope (LSM900,
Zeiss) to capture the images.

Statistical analysis
All quantitative results are presented as mean ± SE, with the dis-
played percentages representing the group mean. Electro-
physiological signals were analyzed using Offline Sorter for spike
sorting and clustering. Neurons were classified based on wave-
form parameters such as spike amplitude and principal compo-
nents. Neuronal clusters with similar valid waveforms were
manually defined, ensuring that the refractory period for indivi-
dual units was no less than 1 ms. All fluorescence intensity ana-
lysis, Aβ quantification, and astrocyte and microglial morphology
analysis were performed using Image J software (National Insti-
tutes of Health, Bethesda, MD, USA). All statistical analyses were
performed using Microcal Origin Pro 8.5.1 (OriginLab Corp.,
Northampton, MA, USA) and GraphPad Prism 9 software (Graph-
Pad Software Inc., San Diego, USA). Statistical significance was
assessed using a two-tailed t-test, with a p-value < 0.05 considered
statistically significant. Significance levels were denoted as fol-
lows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.
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