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Abstract—Alzheimer’s  disease (AD), a progressive
neurodegenerative disorder, is projected to affect over 130
million people globally by 2050. While extensive efforts have
focused on targeting molecular hallmarks such as amyloid-beta
(AP) plaques and tau pathology, network-level dysfunction
remains a critical but underexplored component of AD
progression. Disruptions in hippocampal-cortical (HC) circuit
activity emerge early in AD, compromising memory processing
and cognitive functions. Characterizing these disruptions
requires high-resolution platforms capable of -capturing
network-wide spatiotemporal dynamics. To address this, we
implemented a high-density microelectrode array (HD-MEA)
biosensor to assess large-scale electrophysiological activity in ex
vivo hippocampal slices from well-established APPN" and
APPN-GF mouse models. Our approach quantifies hippocampal
oscillatory disturbances and examines their modulation by
saffron, a natural compound with reported neuroprotective
properties. Results indicate that hippocampal network activity
is progressively impaired in APPN"GF mice, particularly in
sharp-wave ripple (SWR) and multi-unit activity (MUA)
patterns. The HD-MEA platform provides a scalable tool for
investigating AD-associated network dysfunctions and exploring
potential modulatory interventions.

I. INTRODUCTION

Network-level organizing principles rely on the dynamic
organization of neural assemblies, which form stable
structures for information encoding and processing, through
synchronized firing patterns and coordinated activity. This
coordination allows for the transmission of signals across
brain regions and facilitates the integration of sensory input
and memory processes [1], [2], [3]. In Alzheimer’s disease
(AD), early disruptions in hippocampal-cortical (HC) circuits
impair these coordinated processes, leading to progressive
cognitive decline [4], [5], [6]. While molecular and cellular
alterations such as AP aggregation and tau pathology have
been extensively studied, the network-level consequences of
these changes remain less understood [7], [8]. Characterizing
network dysfunction in AD is essential for identifying
functional biomarkers and potential intervention points. In
particular, changes in oscillatory dynamics—from slow delta
and theta waves to high-frequency gamma rhythms and sharp-
wave ripples (SWRs)—provide valuable insight into the
integrity of hippocampal circuits. Given the sensitivity of
SWRs to excitatory-inhibitory (E/I) balance and synaptic
integrity, their disruption serves as a key marker of
neurodegenerative progression [1], [2], [3]. However,
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studying these patterns requires advanced
electrophysiological platforms capable of capturing large-
scale network activity with high spatiotemporal resolution. To
investigate the modulation of HC dynamics and oscillatory
patterns in AD, we employed a large-scale, brain-on-chip
biosensing platform based on a high-density, CMOS-based
microelectrode array (HD-MEA) [9], [10], [11], [12].

With our HD-MEA platform, we characterize HC network
disruptions in two well-established AD mouse models, APPNC
and APPN-GF[13], [14]. Additionally, we examine the effects
of saffron, a natural compound with reported neuroprotective
properties, on modulating circuit activity. Saffron was chosen
because of its demonstrated antioxidative, anti-inflammatory,
and neuroprotective effects, which contribute to synaptic
maintenance and cognitive enhancement in preclinical
models [12], [15], [16]. Unlike single-target pharmacological
agents, saffron provides a multi-faceted approach that aligns
with the complex pathology of AD. This makes it particularly
suitable for studying network-wide disruptions and potential
circuit restoration in AD models.

II. MATERIALS AND METHODS

A. CMOS-based Biosensor

Large-scale HC recordings were performed using HD-
MEA and a biosignal sensing platform (3Brain AG,
Switzerland) customized to our recording setups (Fig. 1, a and
b). Biosensor HD-MEA chips contain 4096 recording
electrodes with a 42-pum pitch size to compose an active
sensing area of ~7 mm?, sufficient to record the entire HC
circuit. Recordings were band-pass filtered from 1Hz to 5 kHz,
ensuring the capture of local field potentials (LFPs), SWRs,
and multi-unit activity (MUA) across a broad frequency
spectrum.

B. Acute Hippocampal Slice Preparation

All work and animal procedures were performed in
accordance with European and national regulations
(Tierschutzgesetz) and were approved by the local authority
(Landesdirektion ~ Sachsen;  25-5131/476/14).  Acute,
horizontal 300 pm thick hippocampal-cortical slices were
obtained from 36-week-old APPM and APPNL-ST female mice
and prepared according to our previously published studies
[9], [10], [L1]. Slices were sectioned at 0—2 °C in a high
sucrose perfusate solution (pH = 7.25-7.35; 345-355
mOsm/L) saturated with 95% Oz and 5% CO: and containing
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in mM: 250 Sucrose, 10 Glucose, 1.25 NaH2PO4, 24 NaHCOs,
2.5 KCl, 0.5 Ascorbic acid, 4 MgClz, 1.2 MgS0Os, 0.5 CaCl..
Slices were incubated at 32°C for 45 minutes and recovered at
room temperature for one hour in a recording perfusate
solution (pH = 7.25-7.35; 305-315 mOsm/L) saturated with
95% 02 and 5% CO: and containing in mM: 127 NaCl, 3.5
KClI, 1.25 NaH2PO4, 26 NaHCO3, 10 Glucose, 1 MgSOs4, 2.5
CaCla.

C. Biochemically-Modulated Hippocampal Recordings

Slices were placed and coupled onto the HD-MEA chip
using a custom-made platinum harp placed on the tissue. A
heat-stabilized  perfusion system (ALA  Scientific
Instruments, USA) was integrated to deliver oxygenated
recording perfusate to the brain-on-chip interface at a flow
rate of 4.5 mL/min and was temperature-controlled at 37 °C
throughout the experiment. The first extracellular recording
for APPNt and APPNSST captured the baseline spontaneous
circuit activation induced by 100 pM 4AP (Sigma-Aldrich,
Germany) without saffron (0 pg/mL). Following this,
incremental concentrations of saffron (25, 50, and 75 ng/mL)
were successively added to the perfusate containing 100 uM
4AP, and ten minutes of extracellular recordings were
collected for each concentration [12]. Stigmas of saffron
derived from (Hortus Novus srl, Italy) were prepared as a
stock of 1 mg/mL in double distilled water prior to the
experiment [12], [15], [16]. To obtain the spatial arrangement
of tissue relative to extracellular recordings during offline
analysis, an optical imaging microscope was incorporated
with the HD-MEA biosignal sensing platform to capture HC
brain slice structures following recordings.

D. Large-Scale, Network-Wide Analyses

To spatially characterize circuit functionality, active
electrodes were grouped offline into specific layers based on
molecular structural information from the corresponding slice
image. HC subregional layers included DG, hilus, CA3, CAl,
entorhinal cortex (EC), and perirhinal cortex (PC). LFP event
and MUA detection was performed using hard thresholding
and PTSD algorithms in commercially available software
(3Brain AG), while SWR event detection was performed as
previously described [10]. Detected events were band-pass
filtered for LFPs (1-100 Hz), SWRs (120-240 Hz), and MUA
(300-1000 Hz) patterns and preprocessed using an adaptive
waveform-based thresholding platform - DENOISING — to
remove artifacts and assign timestamps [17]. All further
analyses were developed as custom-written Python scripts.

Event-based parameters including - active channel count,
mean event rate, and event duration were selected to describe
network and oscillatory pattern dynamics. To compare
regional activation and temporal event distribution across
HD-MEA electrodes between two concentrations, raster plots
were generated from consecutive phase recordings. To
examine specific temporal signal traces, supervised waveform
thresholding algorithms extracted exemplified regional LFP,
SWR, and MUA signal traces. To determine the power
distribution and dominant frequency of each oscillatory
pattern a frequency-time dynamic in pseudo-color
spectrograms was constructed for a selected time window.
Finally, all statistical analyses were performed with Originlab
2024. Differences between groups were examined for
statistical significance using one-way analysis of variance

(ANOVA) followed by Tukey’s posthoc testing. p < 0.05 was
considered significant.
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Figure 1: Schematic overview of experimental paradigm and HD-
MEA biosensing platform (a) implemented for recording large-scale
activation of HC slices-on-chip. APPN" and APPN-* topographical
representations of the computed LFP rate mean (b). Quantification of
the mean LFP, SWR, and MUA rates between APPN and APPN-GF
(c), based on recordings from representative slices with n=3,083
(APP™Y) and 3,067 (APPN-F) total firing electrodes. Box-and-
whisker plots show the interquartile range (25th—75th percentiles) with
whiskers extending up to 1.5 times the IQR. Some items are created
with BioRender.

III. RESULTS AND DISCUSSION

A. Network Dysfunction in AD Models

To assess hippocampal circuit dysfunction in Alzheimer’s
disease, we compared local field potential (LFP), sharp-wave
ripple (SWR), and multi-unit activity (MUA) patterns
between APPN' and APPNM-GF mouse models. Quantitative
analysis revealed that while LFP event rates remained similar
between genotypes, APPNICF mice exhibited a significant
reduction in SWR and MUA rates (Fig. 1c). Further spectral
analysis indicated a loss of high-frequency oscillatory power,
with pronounced deficits in SWRs, which are critical for
memory consolidation (Fig. 3, a and b, no saffron condition).
These findings align with human AD studies, where
hippocampal-cortical decoupling is associated with cognitive
impairment [18]. Additionally, SWR events in APPN-CF
slices showed shorter durations and decreased spatial
distribution, particularly in CA3 and CA1 (Fig. 2d; Fig. 4, a
and ¢, no saffron condition), suggesting weakened recurrent
excitation within hippocampal subcircuits.



These findings highlight the wvulnerability of high-
frequency oscillations to advanced AD pathology, where
synaptic and structural integrity are severely compromised,
leading to disruptions in the coordinated activity required for
memory consolidation and cognitive functions. Differences in
AP and tau pathology between the APPN and APPNL-GT
models may explain the greater impairment observed in
APPNEGF mice, as tau-related dysfunction exacerbates both
neuronal excitability deficits and interneuron-mediated
inhibition, resulting in more pronounced ripple impairments
and network desynchronization [1], [3], [13], [14].

B. Saffron Modulation of Circuit Activity

To examine whether saffron could modulate network
dysfunction, we applied increasing concentrations of saffron
(0, 25, 50, and 75 pg/mL) and quantified changes in circuit
activity (Fig. 2, a-c). Saffron induced a dose-dependent
recovery of SWR and MUA activity, with significant effects
observed at 25 pug/mL [12]. In APPNGF glices, both SWR
rates (Fig. 2b) and MUA spiking rates (Fig. 2¢) significantly
increased, recovering to their respective APPN baseline
responses, particularly in CA3 and CA1 HC subregions (Fig.
2d). Interestingly, higher doses (50-75 pg/mL) did not
significantly enhance responses further.

This dose-dependent increase in SWR activity suggests
that saffron progressively modulates network disruptions and
enhances CA3-CAl communication, while APPN* HC
circuitry likely reaches a functional ceiling due to its more
preserved network integrity [13], [14]. Interestingly, APPNC
slices showed minimal changes in network activity,
suggesting that saffron primarily exerts effects in
pathologically impaired circuits rather than enhancing
baseline oscillations. This specificity supports its role in
network restoration rather than general excitation.

C. Dose-Dependent Response and Network Recovery

To characterize the temporal signature differences and
highlight frequency-specific contributions to the network
recovery between APPNt and APPM-SF, successive temporal
traces comparison and spectral analysis were performed
between no saffron and 25 pg/mL application. This revealed
modulated recovery in the timing and frequency of SWR
activity and recovery of high-frequency oscillatory power in
the APPNU-CFHC circuit (Fig. 3, a and b). To further quantify
saffron’s effects, we performed event-based analyses. The
number of active electrodes detecting SWR events increased
2.75-fold in APPNLGT glices after 25 pg/mL application,
indicating broader network engagement (Fig. 4a). SWR event
rates also increased proportionally (Fig. 4b), while event
durations became comparable to APPNT values (Fig. 4c).

These findings suggest that saffron restores functional
aspects of hippocampal oscillatory dynamics by improving
synaptic coordination and circuit integrity. Interestingly,
SWR recovery followed a non-linear dose-response
relationship, as quantified by the EC50 value (~25 pg/mL,
Fig. 2). At higher concentrations, SWR enhancement
plateaued, which may reflect a ceiling effect in network
responsiveness. This suggests that saffron facilitates synaptic
restoration up to a certain threshold, beyond which additional
effects are limited by the underlying pathology.
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Figure 2: Nonlinear saffron dose-response curve generated using the
Levenberg-Marquardt iteration algorithm indicating an ECso value of
~25 pg/mL across LFP (a), SWR (b). and MUA (c) frequency bands.
Raster plots comparing 0 pg/mL and 25 pg/mL saffron doses in APPN"
and APPN"SF HC circuits for each frequency band (d). Interval plots
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Figure 3: 10 s of temporal signal traces of band-pass filtered LFP (1-
100 Hz), SWR (120-240 Hz), and MUA (300-1000 Hz) from the
hippocampal CA3 subregion comparing 0 pg/mL and 25 pg/mL
saffron doses in APPN- (a) and APPN-* (b) HC circuits. Pseudo-color
spectrogram insets illustrate SWR frequency-time dynamics.
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Figure 4: Quantification of SWR active electrode count (a), mean
SWR rate (b), and mean SWR event duration (c) comparing 0 pg/mL
and 25 pg/mL saffron doses in APPN and APPN-SF HC circuits. Box-
and-whisker plots show the interquartile range (25th—75th percentiles)
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IV. CONCLUSION

This study establishes HD-MEA as a powerful platform for
characterizing hippocampal circuit dysfunction in Alzheimer’s
disease (AD). Our findings reveal significant disruptions in
SWR and MUA in the APPN-T model, indicating that large-
scale network impairments are a hallmark of AD progression.
These results reinforce the need to move beyond molecular
pathology and incorporate network-wide biomarkers for a
more comprehensive understanding of neurodegenerative
diseases.

Saffron application showed dose-dependent modulation of
network activity, particularly in the more impaired APPN-GF
model, suggesting a potential role in circuit-level regulation.
However, the saturation of effects at higher doses highlights
the complexity of modulating network activity and the need
for further mechanistic investigations. Future studies should
explore whether such modulation translates to long-term
functional recovery and cognitive improvements in vivo. As a
proof-of-concept study, these findings establish a foundation
for future large-scale investigations aimed at elucidating the
precise dose-dependent effects and underlying mechanisms of
saffron's neuromodulatory actions.

Beyond AD, this study demonstrates the broader
applicability of the HD-MEA platform in investigating circuit
dysfunction across neurological and psychiatric disorders.
Large-scale electrophysiology can be used to probe network
abnormalities in conditions such as epilepsy, schizophrenia,
and traumatic brain injury, where disrupted oscillatory
dynamics play a central role. By integrating this method with
behavioral paradigms, imaging, and molecular analyses, future
research can establish stronger links between circuit
dysfunction and disease mechanisms, paving the way for
network-based interventions and precision therapeutics.
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