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Alzheimer’s Disease (AD) is a devastating neurodegenerative condition that primarily affects the elderly. It is characterized
by memory impairment, synaptic dysfunction, and progressive cognitive decline. The hippocampus, pivotal to memory and
learning processes, is a central locus of pathological alterations in AD. Examining the intrinsic properties of neurons affected by
this disease provides insight into the cellular processes underlying hippocampal dysfunction. While much research has examined
synaptic dysfunction in AD, far fewer studies have explored how changes in the intrinsic properties of individual neurons may
influence disease progression, despite their potential as early biomarkers and therapeutic targets. The findings presented here are
based on original experimental data collected by the Daou Lab and analyzed in this study. The aim is to identify key differences
in intrinsic properties, such as amplitude, threshold, and spike width, of pyramidal neurons in the hippocampus of mice with
AD compared with controls. Whole-cell current-clamp recordings were obtained from hippocampal slices of both AD model
mice and control mice to quantify these electrophysiological parameters. Analysis of these recordings revealed that neurons
from AD-affected mice were significantly more excitable than those from controls, and several intrinsic properties were altered
in the AD case. These findings suggest that further pharmacological investigations should be applied to identify the specific
ion channels responsible for the altered excitability observed in AD neurons, potentially offering new targets for therapeutic
intervention.
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Introduction First, we discuss the pathology of AD (neurofibrillary tan-

gles and amyloid-beta plaques), the concept of intrinsic plas-

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder that advances through distinct stages, with late-stage
disease causing severe cognitive and physical decline, includ-
ing loss of movement, communication, and awareness, and
most commonly affecting individuals over 65, particularly
women who are at higher risk due to longer lifespans !>,

AD is a growing global health concern, with prevalence in-
creasing as the world’s population ages. Currently, over 55
million people worldwide live with dementia, projected to rise
to 139 million by 2050. AD accounts for 60-70% of cases,
with nearly 10 million new diagnoses annually>*. As the
most common cause of dementia, AD contributes significantly
to disability and dependency among older adults worldwide>.
This rising prevalence underscores the urgent need to under-
stand the disease’s underlying mechanisms to develop effec-
tive treatments and interventions. The increasing prevalence
of AD poses major challenges to healthcare systems and soci-
eties, highlighting the urgent need for improved understanding
of its underlying mechanisms*©.
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ticity, and the impact AD has on the hippocampus. Next, this
study assesses differences in intrinsic properties of hippocam-
pal pyramidal neurons in mice with and without AD. We as-
sessed several key electrophysiological parameters, including
spike threshold, which is the minimum membrane voltage
needed to trigger an action potential; time to peak afterhyper-
polarization (ttAHP), the time it takes for the neuron’s mem-
brane potential to reach its maximum negative value following
an action potential; afterhyperpolarization (AHP), the period
when the membrane potential becomes more negative than its
resting state and helps regulate neuron firing; and spike width
and amplitude, which describe the duration and size of the ac-
tion potential, respectively. When assessing the pathology of
AD, attention typically centers on synaptic connections, the
communication between neurons, and how these are affected
by neurofibrillary tangles and amyloid plaques. However, far
less consideration is given to how the intrinsic properties of
neurons themselves contribute to disease progression. These
intrinsic properties encompass the internal mechanisms that
govern neuronal excitability and signalling. By studying dif-
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ferences in these intrinsic properties, we aim to better under-
stand changes in fundamental cellular processes caused by
AD within the hippocampus and provide insight into cellu-
lar mechanisms that may precede or accompany synaptic dys-
function.

Pathology of AD

Two of the most well-known biomarkers for AD are neurofib-
rillary tangles and amyloid-beta plaques. Neurofibrillary tan-
gles consist of abnormal accumulations of abnormally phos-
phorylated microtubule protein tau within the perikaryal cyto-
plasm of pyramidal neurons®. The plaques consist of a peptide
known as beta-amyloid, surrounded by abnormally configured
neuronal processes or neurites®.

Neurofibrillary tangles (NFTs) are composed of abnor-
mal fibrils about 10 nm in diameter, occurring in pairs and
bound in a helical structure'®. They can have many differ-
ent protein components associated with it, namely, ubiquitin,
cholinesterase and beta-amyloid 411 However, the most im-
portant element is the tau protein, whose abnormal phospho-
rylation leads to these tangles®. Tau proteins regulate the as-
sembly of microtubules, playing an integral role in neuronal
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development and axonal growth!©. The phosphorylation and
dephosphorylation of tau are maintained by a group of tau
phosphates and microtubule-associated kinases 2. In certain
pathological conditions, the downregulation of these phos-
phates causes hyperphosphorylation of tau, resulting in insol-
uble double helicase filaments'3. These filaments clump to
form protein complexes, creating Neurofibrillary tangles (Fig-
ure 1). The tau proteins in AD lose their usual abilities to
bind and stabilize microtubules in the axon'4. These struc-
tures lead to the eventual depredation of neurons and survive
even after the death of affected neurons. After neuronal death,
they are released extracellularly and interact with astrocytes
and microglia'>. Areas affected by neurofibrillary tangles in-
clude the layer II neurons of the entorhinal cortex, the CA1
and subicular regions of the hippocampus, the amygdala, the
dorsal raphae and the nucleus basalis of Meynert '©.

Another critical pathological lesion of AD is senile or neu-
ritic plaques, otherwise known as amyloid plaques'®. These
plaques are extracellular accumulations of BA4, a peptide
derived from the abnormal processing of amyloid precursor
protein (APP)!'°. APP is a membrane protein in the endo-
plasmic reticulum and is transported to the Golgi complex to
be cleaved by 3 secretases «, 8, or y?°. Most notably, f3-
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Fig. 1 Visual Depiction of Tau Pathology and Neurofibrillary Tangle Formation in AD. This figure illustrates the progression from healthy tau
function to neurofibrillary tangles (NFT) formation in AD. In normal neurons (left, non-amyloidogenic pathway), tau proteins stabilize axonal
microtubules, maintaining neuronal structure and function. However, in AD (right, amyloidogenic pathway), tau undergoes abnormal
post-translational modifications, particularly hyperphosphorylation. This disrupts its microtubule-stabilizing role, causing tau to dissociate and
aggregate. These aggregates form paired helical filaments (PHFs), which accumulate into intracellular neurofibrillary tangles. NFTs contribute
to neuronal dysfunction, microtubule disintegration, and ultimately cell death. The figure aligns with key pathological features discussed in
AD, emphasizing tau’s transformation from a structural protein into a toxic aggregate that persists even after neuronal degeneration”.
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Fig. 2 Visual Depiction of APP Processing Pathways and Af3
Production in Alzheimer’s Disease Pathology. This schematic
illustrates the proteolytic processing of amyloid precursor protein
(APP) through two distinct pathways: the non-toxic
(non-amyloidogenic) and toxic (amyloidogenic) pathways, both
crucial to Alzheimer’s disease (AD) pathology. In the non-toxic
pathway, APP is cleaved by o-secretase (ADAM10/TACE),
producing soluble APP alpha (sAPPa) and preventing the formation
of amyloid-beta (Af) peptides. Conversely, in the toxic pathway,
B-secretase (BACE]) initiates cleavage, followed by y-secretase,
leading to the generation of Af peptides which aggregate
extracellularly to form amyloid plaques, a hallmark of AD. The
figure also shows the cleavage fragments p3 and Af, with the latter
contributing to neurotoxic amyloid plaques. This dual-pathway
processing emphasizes how altered proteolysis of APP contributes
to AD pathology by fostering the accumulation of f-amyloid
plaques, thereby disrupting neuronal function and promoting
neurodegeneration !7.

secretase cleaves the amino terminal while y-secretase cleaves
the carboxy-terminal, releasing BA4 (Figure 2)?'. Diffused
plaques are the initial deposition of f A4 in the cerebral cortex,
lacking dystrophic neurites and are commonly associated with
non-cognitive dysfunction'®. Neuritic plaques have a central
B A4 core and are surrounded by dystrophic neurites, they are
pathognomonic of AD and are linked to cognitive decline '®.
Together these mechanisms ultimately disrupt synaptic func-
tion, trigger neuroinflammatory responses and contribute to
neuronal death®.

Intrinsic Plasticity

Amyloid plaques and Tau tangles are widely recognized as
the primary pathological markers of AD, playing a critical

role in disrupting normal neuronal function. Inflammation,
as well as the progressive loss of synapses, forms the crux of
neurological damage seen in AD?2. However, crucial factors
that have been overlooked are how the intrinsic features and
changes of neurons affect this disease. These intrinsic proper-
ties (IPs) are critical because they determine how neurons re-
spond to inputs, regulate firing patterns, and maintain network
stability?3. Changes in intrinsic excitability can alter infor-
mation processing and disrupt signal propagation, even with-
out synaptic modifications. In AD, such alterations may con-
tribute to network dysfunction by creating states of excessive
or reduced excitability, which can impair learning and mem-
ory?*. Investigating these intrinsic changes is therefore im-
portant, as it provides insight into cellular-level mechanisms
of the disease and may reveal targets for interventions beyond
synaptic pathways.

Intrinsic changes are distinct from synaptic changes. While
synaptic changes involve alterations at the synapse, intrinsic
plasticity refers to activity-dependent modifications in a neu-
ron’s own electrophysiological properties>. These changes
are mediated by ion channels and affect processes such as
synaptic integration, subthreshold signal propagation, spike
generation, and meta-plasticity 2°. By adjusting these intrinsic
properties, neurons can regulate their excitability and respon-
siveness independently of synaptic modifications.

A neuron’s ability to generate an action potential based on
a stimulus is regulated by the number, type, and distribution
of its voltage- and calcium-gated ion channels?’.

Furthermore, intrinsic plasticity is related to homeostatic
regulation of neuronal firing. For example, depriving the neo-
cortical or hippocampal neurons of electrical or synaptic stim-
ulation for an extended period increased neuronal excitability,
contrary to the results of synaptic plasticity?®. Conversely,
increasing neuronal input above the basal level was seen to
decrease neuronal excitability. The changes and regulation of
intrinsic excitability (IE) are attributed to the modification of

ion channels in the neuron??,

The Hippocampus and AD

Structure of the Hippocampus

The hippocampus, a key structure for memory and decision-
making, is particularly vulnerable in Alzheimer’s disease,
where neuronal loss and synaptic dysfunction contribute to
the characteristic memory deficits (refer to Figure 3 for the
anatomical overview)3!32,

Function and Impact of AD of the Hippocampus

The hippocampus is involved in various cognitive functions,
particularly memory, learning, and spatial navigation®3. It
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Anatomy of the Hippocampus
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Fig. 3 Anatomical Subregions and Layers of the Hippocampus.
This figure illustrates the anatomy of the hippocampus, highlighting
its major subfields including Cornu Ammonis regions CA1 through
CAA4, the dentate gyrus, subiculum, presubiculum, and surrounding
structures such as the entorhinal cortex and fimbria-fornix. Key
cellular layers such as the stratum oriens, stratum pyramidale,
stratum radiatum, stratum lacunosum-moleculare, alveus, and
external plexiform layer are identified, reflecting the layered
organization essential for hippocampal function. This anatomical
organization underpins critical cognitive processes like memory
consolidation and spatial navigation, which are notably disrupted in
Alzheimer’s disease through neurodegeneration and synaptic loss

primarily targeting regions like CA1 and the dentate gyrus .

is one of the few regions in the brain where neurogene-
sis—mainly in the dentate gyrus—continues into adulthood 3*.
Though initially thought to have little impact, this ongo-
ing neurogenesis is now understood to contribute to mem-
ory processing, as new neurons integrate into existing neu-
ral networks and assist in memory consolidation>. The hip-
pocampus plays a crucial role in encoding and retrieving spa-
tial, episodic, and semantic memories and communicates with
the neocortex—particularly during memory encoding (hip-
pocampus) and retrieval (neocortex)3®. Memory is processed
through two primary pathways: the polysynaptic and direct
intra-hippocampal pathways. The polysynaptic pathway in-
volves afferent connections from the parietal, temporal, and
occipital lobes via the entorhinal cortex, traveling through the
dentate gyrus, CA3, CAl, and subiculum, before reaching the
anterior thalamus and cingulate cortex>’. The direct pathway
carries inputs from the temporal association cortex through
entorhinal areas directly to CA1, impacting episodic and spa-
tial memory3®. The hippocampus also influences decision-
making and memory consolidation, particularly in transform-
ing short-term into long-term memory, which supports future
decision-making 8.

Specific to AD, neuronal loss and gliosis in the hippocampal
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Fig. 4 MRI-Based Segmentation of Human Hippocampal Subfields
in Three Planes Relevant to AD. Segmented MRI views (sagittal,
coronal, axial) of the human hippocampus highlighting major
subfields, including CA1-CA4, dentate gyrus (GC-DG), subiculum,
and associated structures. These regions play distinct roles in
memory and learning, with CA1 critical for episodic encoding and
the dentate gyrus for adult neurogenesis. In Alzheimer’s disease,
pathology begins with tau accumulation in CA1 and spreads to other
subfields, while amyloid-f deposits first appear in the entorhinal
cortex and progress into the hippocampus. Subfield-specific atrophy
shown here reflects patterns of neurodegeneration underlying
memory impairment and hippocampo-cortical
dissociation.anatomical organization underpins critical cognitive
processes like memory consolidation and spatial navigation, which
are notably disrupted in Alzheimer’s disease through
neurodegeneration and synaptic loss primarily targeting regions like

CAI and the dentate gyrus3°.

region is a prevalent pathological feature!®. Early dysfunc-

tion and synaptic loss that primarily affects excitatory trans-
mission in the hippocampus and cerebral cortex, are key con-
tributors to memory loss in AD*?. Vulnerable regions include
glutamatergic neurons in the entorhinal cortex and pyramidal
neurons in CA14!. Histopathologically, AD is characterized
by neurofibrillary tangles (NFT's) composed of hyperphospho-
rylated tau protein, first appearing in the CA1 region before
spreading to the subiculum, CA2, CA3, and dentate gyrus
(DG) '8(Figure 4). Concurrently, amyloid-beta (Af) plaques
accumulate in the entorhinal cortex and later invade the hip-
pocampus, disrupting synaptic communication'®. These de-
generative changes are exacerbated by neuroinflammation, ox-
idative stress, and gliosis, resulting in hippocampal atrophy,
reduced cortical connectivity, and cognitive dysfunction, as
described by the “hippocampo-cortical dissociation” hypoth-
esis*?. Imaging studies show bilateral atrophy in hippocam-
pal layers such as the stratum radiatum, stratum lacunosum,
and subiculum’s stratum pyramidale, all detectable through
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MRI*. Disruptions in glutamatergic, serotonergic, and no-
radrenergic neurotransmitter systems correlate with neuronal
loss. Experimental models also link tau and A pathology
with disrupted DG connectivity, paralleling the progressive
degeneration observed in human AD '°. Clinically, hippocam-
pal damage manifests as memory deficits, including both an-
terograde and retrograde amnesia, with advanced AD stages

marked by severe cognitive decline and confabulations*4.

Methods

This experiment focuses on extracting and comparing the in-
trinsic features of hippocampal pyramidal neurons in both
Alzheimer’s and Control groups. The data was provided by
the Daou Lab.

Alzheimer’s disease model mice used in the current study
were generated using the APP transgenic mice (PDAPP),
which causes robust amyloid-beta plaque deposition. Control
animals, referred to as the “intact” group, were not genetically
modified and served as the control. All the animals were main-
tained under controlled settings and manipulated in line with
the animal research ethics guidelines. All the procedures were
subject to approval by the University of Chicago Institutional
Animal Care and Use Committee (IACUC).

Hippocampal tissue slices were prepared from the CA1 re-
gion of the hippocampus of a total of 11 adult male mice (5
control and 6 Alzheimer’s disease model), with each animal
contributing one neuron to the dataset. The CA1 subfield was
targeted given its selective vulnerability to neurofibrillary tan-
gle accumulation and synaptic loss in AD. There were 5 adult
male control mice and 6 adult males with Alzheimer’s disease,
each contributing 1 neuron. All animals were bred and main-
tained under standard laboratory conditions at the University
of Chicago and were randomly selected for experimentation.
Only healthy, adult males were used to reduce variability due
to developmental or hormonal differences. After deep anes-
thesia with isoflurane, animals were decapitated, and brains
were rapidly removed and placed in ice-cold artificial cere-
brospinal fluid (ACSF) containing (in mM): 119 NaCl, 2.5
KCl, 1.3 MgCl,, 2.5 CaCly, 1.0 NaH,;POy4, 26.2 NaHCO3,
and 22 glucose (pH 7.2-7.3; 285-295 mOsm), aerated with
a 95% O, / 5% CO, gas mix. Slices were cut at 300—400
um thickness using a vibratome and placed directly into an
oxygenated ACSF-filled incubation chamber at 37°C. Slices
were incubated at 37°C for at least 1 hour and then allowed to
equilibrate to room temperature (~24-25°C) prior to record-
ings. Whole-cell current-clamp recordings were obtained us-
ing borosilicate glass pipettes with a resistance of 3-8 MQ,
filled with intracellular solution containing (in mM): 135 K-
gluconate, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, 0.2 EGTA, pH
adjusted to 7.2-7.3 with KOH. Tight-seal recordings (>1 GQ)
were obtained, and neurons were allowed to dialyze for sev-

eral minutes before stimulation. Series resistance (Rs) was
monitored throughout each recording and compensated online
when necessary. Cells were included in the analysis only if
they met the following criteria: resting membrane potential
< —65 mV at baseline and stable throughout the recording,
series resistance between 3.5-10 MQ, and consistent spiking
across the recording period. Input resistance was measured
from small hyperpolarizing current steps (5-25 pA, 200-300
ms), and leak currents were monitored to ensure recording sta-
bility. All recordings were conducted blind to experimental
group. Recordings were obtained under visual control using a
Multiclamp 700B amplifier, and data were sampled at 50 kHz.

Pharmacological blockers were utilized to suppress synap-
tic input throughout electrophysiological recordings, thereby
isolating intrinsic neuronal excitability from synaptic con-
tributions. All drug treatments were administered via a
gravity-fed perfusion system that facilitated continuous and
accurate delivery to the tissue slices. Synaptic transmis-
sion was blocked in all standard recordings using NMDA,
AMPA/kainate, GABA,, and GABA+ receptor antagonists
(CNQX, CPP, Gabazine, and CGP 35348), ensuring that the
action potential properties measured reflect intrinsic excitabil-
ity rather than network-driven activity. Additional voltage-
gated channel blockers—including cadmium chloride, TEA,
cesium chloride, and TTX—were applied selectively in mech-
anistic sub-experiments designed to isolate specific ionic con-
ductances, and were not used during the standard action po-
tential recordings reported here.

For the purposes of this paper, the primary coding language
used to extract the features of the spikes is Python. Using
Python allowed for leverage of the versatile and rich libraries
that were available for scientific computing and data visual-
ization. In addition, the Spyder software was used to run the
code as well as curate graphs and visualizations for the given
data.

For each detected spike, a local window around the peak
was extracted to isolate individual action potential (AP)
events. Within this window, three principal components of the
AP were quantified: the threshold, defined as the first point
where the membrane potential’s rate of change (dV/dt) ex-
ceeded 0.5 mV per sample—equivalent to 25 mV/ms at the
50 kHz sampling rate—consistent with the derivative-based
approach described in Daou and Margoliash (2020)*. Prior
to computing dV/dt, voltage traces were smoothed using a
Gaussian kernel with a standard deviation of 1 sample (~0.02
ms) to reduce high-frequency noise while preserving the rapid
depolarization of genuine action potentials; the peak, corre-
sponding to the maximum voltage within the spike; and the
afterhyperpolarization (AHP), defined as the difference be-
tween the threshold and the minimum voltage following the
peak within the same window. Spike amplitude was calculated
as the difference between the peak and the threshold voltage
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(Figure 5). The width of the spike was estimated as the du-
ration over which the membrane potential exceeded half the
spike amplitude. The time to peak and time to AHP were
computed as the respective latencies from the threshold point.
Spike frequency was calculated as the total number of spikes
divided by the duration of the detected stimuli (in seconds),
yielding a measure of firing rate in Hertz. For all pairwise
comparisons between AD and control neurons, independent
samples t-tests were performed using Python’s SciPy library.
A threshold of p < 0.01 was used to define statistical signifi-
cance.
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Fig. 5 Single Action Potential Isolated from Raw Neuronal Voltage
Trace, Visualizing Firing Patterns of AD and Control Neurons A
single spike was isolated from the raw voltage trace in the from the
control neuron (N1) dataset by detecting peaks above the mean
membrane potential. A 200-sample window (100 samples) was
extracted around the third spike to visualize one clean action
potential. Illustrated, is the progression of a neuronal action
potential. The labeled waveform highlights measurable parameters
including spike amplitude (the voltage difference from resting
potential to peak), threshold (the minimum depolarization required
to trigger a spike), AHP (afterhyperpolarization, the hyperpolarized
phase following the spike), TTAHP (time to afterhyperpolarization,
the duration from spike onset to AHP peak), and spike width (the
duration of the action potential at half-maximal amplitude).

Results

To investigate the IPs of hippocampal pyramidal neurons in
Alzheimer’s disease (AD) mouse model, we firstly visualized
the spikes trains of their elicited membrane potential traces in
response to current stimuli and compared them with quanti-
tative metrics of spiking dynamics between AD and control
groups. Representative traces revealed that AD neurons (Fig-
ure 6) exhibited a dramatically markedly increased elevated
spike frequency, narrower spike widths, and lower peaks in

comparison with control neurons (Figure 6).
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Fig. 6 Boxplot Representing the Firing Pattern Distribution between
Alzheimer’s and Control Neurons. The Boxplot illustrating the
distribution of spike frequencies in control versus Alzheimer’s
neurons. Control neurons exhibit significantly lower and more
consistent spike frequencies, typically around 25-35 Hz, indicating
stable and regulated firing activity. In contrast, Alzheimer’s neurons
display markedly elevated and more variable spike frequencies
(ranging from 55-105 Hz), reflecting increased neuronal excitability.

The spike amplitude of APs directly influences the strength
of neuronal firing and the efficacy of subsequent synaptic
transmission, while spike width and time to peak play cru-
cial roles in determining the temporal precision of informa-
tion encoding and the ability to sustain high-frequency firing.
A detailed analysis of these features can thus provide impor-
tant insights into the altered intrinsic properties of neurons in
AD. With this consideration in mind, we quantified spike am-
plitude, spike width, and time to peak in both control and AD
neurons, as illustrated in Figure 7. (t = 11.63), p<0.01).

Possible explanations as to what lower spike amplitudes
could signify include reduced voltage-gated sodium channel
availability or partial channel inactivation, which would limit
the inward Na™ current during the depolarization phase and
thereby reduce peak voltage. Upregulation of potassium chan-
nel conductance could further truncate the amplitude by ac-
celerating repolarization before the peak is reached. Further-
more, physiological changes to neurons such as synaptic loss
and axonal degradation may result in weaker spike propaga-
tion and reduced signal strength. The changes seen in Figure
7 could represent the loss of functional homeostasis in the neu-
ral network, potentially contributing to cognitive deficits seen
in AD.

The next feature measured was the spike threshold, which
was seen to be significantly more depolarized in AD sam-
ples compared to controls (t = -4.99, p<0.01). Examining
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Fig. 7 Histogram Representing the Relationship Between
Amplitudes of Control and AD groups. In this graph, control
neurons display higher amplitudes, with a more uniform
distribution, ranging from 65-87 mV and peaking around 69 mV.
Conversely AD samples exhibited a broader range of spike
amplitudes, ranging from 30-90 mV and peaking at 60 mV

the thresholds for each individual spike elicited in both con-
trol and AD pyramidal neurons showed significant changes
among the two groups (Figure 8). Spike threshold is a critical
determinant of IE and dictates the minimum voltage required
to initiate an AP, it thereby influencing the neuron’s respon-
siveness to incoming stimuli.

A spike’s threshold is largely determined by voltage-gated
sodium channels, which open to allow the influx of sodium
ions during the initiation of an action potential. The increased
depolarization of the neurons in the AD group could suggest
reduced sensitivity of sodium channels or altered gating mech-
anisms. In particular, downregulation of Navl.6—a sodium
channel subtype highly expressed in hippocampal pyramidal
neurons—or a depolarizing shift in its steady-state inactiva-
tion curve could reduce the number of available channels at
rest, requiring greater depolarization to reach threshold. With
a higher spike threshold, neurons are less responsive to excita-
tory input and may fail to fire altogether during low-frequency
stimulation.

The AHP values for the action potentials were significantly
higher in AD neurons compared to controls (Figure 9) (t = -
7.18, p < 0.01). The AHP that follows each spike is an impor-
tant determinant of intrinsic excitability. It sets the refractory
window and modifies the pattern and accuracy of recurrent fir-
ing. The amplitude of the AHP and the time it takes to reach
its peak (time to AHP peak) determine how effectively a neu-
ron can manage incoming signals and how quickly it can get
back to firing. Thus, changes in these properties could have
great effects on how neuronal networks perform.

Type
175 Control
AD

Threshold Value

Fig. 8 Histogram Representing the Relationship Between Threshold
Values of Control and AD groups. Control groups showed values
ranging from -59 to -41 mV, peaking at around -44 mV. AD samples
demonstrated threshold values in a broad range of -60 to -25 mV,
peaking at around -46 and -38 mV.

AHP is primarily mediated by calcium-activated potas-
sium channels, particularly small-conductance (SK) and large-
conductance (BK) channels, and contributes to the resetting
of the membrane potential following each action potential.
In this study, the AHP amplitude was significantly higher in
AD neurons compared to controls. Importantly, this larger
measured AHP amplitude does not contradict the observed in-
crease in spike frequency. In AD, downregulation of SK chan-
nel expression and activity is well established, which func-
tionally reduces the inhibitory SK-mediated K* current that
normally suppresses repetitive firing. When SK channel cur-
rents are diminished, the inhibitory brake on neuronal firing is
weakened, allowing neurons to fire more rapidly despite the
presence of a larger AHP—a dissociation that has been docu-
mented in models of hippocampal hyperexcitability. The en-
larged AHP amplitude observed here may therefore reflect a
compensatory upregulation of other potassium conductances,
or altered calcium-activated channel kinetics, rather than a
net increase in inhibitory tone. Critically, it is also impor-
tant to note that a central feature of AD neurotoxicity is the
disruption of intracellular calcium homeostasis. Elevated in-
tracellular Ca?* levels resulting from dysregulated endoplas-
mic reticulum (ER) Ca* release and impaired buffering can
directly activate calcium-sensitive potassium channels includ-
ing SK and BK channels, thereby modifying AHP amplitude
and contributing to altered firing patterns. Resting membrane
potential was not significantly different between groups, in-
dicating that the increased excitability is primarily driven by
altered ion channel dynamics rather than a shift in baseline
membrane state.

No significant difference was found in time to peak AHP
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Fig. 9 Histogram Representing the Relationship Between AHP
Values of Control and AD groups. Control neurons exhibited lower
AHP values, ranging from 4 — 13 mV and peaking at around 10 mV.
Conversely, the AD neurons constituted a broader range of -5 to 34
mV, peaking at around 19 mV.

between control and AD samples (Figure 10) (t = -0.75, p
= 0.46). This suggests that the timing of the AHP remains
largely consistent between the two groups. The preserva-
tion of time-to-peak AHP suggests that while the amplitude
of potassium channel-mediated currents may be altered in AD
neurons, the kinetics of channel activation and deactivation re-
main largely intact. This dissociation between amplitude and
timing may indicate that the number or conductance of active
channels is affected, rather than the fundamental gating prop-
erties of the channels themselves.

16 Type

Control
AD

14

12

10

Count
o]

100 200 300 400 500 600
TTAP (ms)

Fig. 10 Histogram Representing the Relationship Between TTAHP
Values of Control and AD groups. Both groups exhibit relatively
overlapping distributions. AD neurons seem to have a broader
variety of TTAHP values ranging from 50 to 400 ms.

Finally, the spike widths in AD neurons tended to be nar-
rower, suggesting that the duration of the action potential was
reduced compared to the control group (Figure 11). This could
imply that the depolarization phase of the action potential is
shorter, possibly reflecting faster repolarization and altered
ion channel dynamics. The narrowing of spike width may re-
flect enhanced potassium channel conductance and/or reduced
sodium channel availability, both of which would accelerate
repolarization. Upregulation of voltage-gated K™ channels
such as Kv3 or Kv4.2 could drive faster repolarization, while
reduced Nav channel density would limit the duration of the
inward Na™ current sustaining the depolarization plateau. Sta-
tistically, the differences between the two groups did not reach
the pre-defined significance threshold (t = 2.26, p = 0.03), and
this trend warrants further investigation with larger sample
sizes.

30
Type
Control

25 AD

20

Count
o

. =

0.5 0.6 0.7 0.8 0.9 1.0 1.1
Spike Width (ms)

Fig. 11 Histogram Representing the Relationship Between Spike
Width of Control and AD groups. The AD group has a broader
distribution of values ranging from 0.1 to 1.05 ms, peaking at about
0.29 ms. Whereas the control group ranges from 0.1 to 0.2, peaking
at around 0.1 ms.

Conclusion

Our results reveal robust alterations in intrinsic properties of
hippocampal pyramidal neurons in the AD mouse model com-
pared to healthy controls, extending current understanding of
AD-related hippocampal dysfunction. Specifically, we ob-
served consistent changes across several features, including
spike amplitude, spike width, time to peak, AHP amplitude,
and time to AHP peak. These findings support our original
hypothesis that hippocampal neurons in AD undergo intrinsic
excitability changes that may reflect early biophysical corre-
lates of cognitive dysfunction.
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The increased spike frequency in AD neurons suggests en-
hanced intrinsic excitability, likely driven by altered ion chan-
nel function. Downregulation of SK channels reduces the
afterhyperpolarization-mediated inhibitory brake on repetitive
firing, while downregulation of Kv1 channels shortens inter-
spike intervals and weakens spike-frequency adaptation. Pos-
sible downregulation of Kv3 channels, which support fast
spiking, may further contribute to this phenotype. In par-
allel, reduced Navl.6 availability or a depolarizing shift in
its inactivation curve may lower the spike threshold and ac-
celerate depolarization, facilitating earlier firing despite re-
duced peak amplitude. Together, these intrinsic mechanisms
likely underlie the heightened excitability observed here, and
this increased excitability is consistent with previous studies
linking AD to excitotoxicity in the hippocampus®®. It is im-
portant to note that while the recordings in this study were
performed under synaptic blockade—isolating intrinsic ex-
citability from network-driven input—in the intact AD brain,
synaptic changes would act in concert with the intrinsic al-
terations described here. In particular, AD-related downregu-
lation of inhibitory GABA, currents and upregulation of ex-
citatory AMPA receptor activity would further promote neu-
ronal hyperexcitability beyond what is observed from intrinsic
mechanisms alone. The results presented here therefore repre-
sent a lower bound on the degree of excitability change in the
living AD brain.

A further interpretive framework worth considering is that
of homeostatic plasticity. The observed changes in intrin-
sic properties—including higher spike threshold, larger AHP
amplitude, and reduced spike amplitude—may not represent
purely pathological degeneration, but could in part reflect
compensatory responses by which neurons attempt to counter-
act an initial state of hyperexcitability driven by amyloid-beta
toxicity, elevated intracellular calcium, and disrupted synap-
tic inhibition. Under this homeostatic view, neurons upreg-
ulate inhibitory conductances (such as calcium-activated K+
channels driving the AHP) to dampen excessive firing, while
the downstream SK channel downregulation ultimately over-
comes this compensation, resulting in net hyperexcitability.
This framework is consistent with the concept of intrinsic
homeostatic plasticity, whereby activity-dependent modifica-
tions of ion channel expression maintain neuronal firing within
a functional range—a mechanism that is known to be dis-
rupted in neurodegenerative disease contexts.

One important interpretive framework for these findings is
homeostatic plasticity. The observed changes—including el-
evated AHP amplitude, higher spike threshold, and reduced
spike amplitude—may not represent purely pathological dete-
rioration, but rather a compensatory response by which neu-
rons attempt to counteract an initial state of hyperexcitability
driven by amyloid-beta toxicity, impaired calcium buffering,
and disrupted inhibitory tone. Under this framework, the neu-

ron upregulates inhibitory conductances in an attempt to re-
store firing to a physiological set point. However, if SK chan-
nel downregulation simultaneously reduces the effectiveness
of the AHP as an inhibitory brake, the net result is paradoxical:
compensatory changes fail to suppress firing, and neurons re-
main hyperexcitable despite the presence of a larger AHP. This
interplay between Hebbian and homeostatic plasticity mecha-
nisms highlights the complexity of excitability changes in AD
and underscores the need for mechanistic follow-up studies to
disentangle adaptive from maladaptive alterations.

These findings highlight the importance of intrinsic neu-
ronal properties in the pathophysiology of AD, emphasiz-
ing that alterations in the ionic mechanisms governing ac-
tion potential generation and repolarization can lead to im-
paired neuronal communication, network dysfunction, and ul-
timately cognitive decline. In doing so, our work contributes
to filling a gap in the literature by quantitatively linking spe-
cific biophysical changes in hippocampal neurons to poten-
tial early drivers of AD pathology, providing a cellular-level
perspective that complements existing synaptic and molec-
ular studies. Understanding these changes in neuronal ex-
citability provides crucial insights into the underlying cellular
mechanisms of AD, with potential implications for the devel-
opment of targeted therapeutic strategies aimed at restoring
normal neuronal function and mitigating the cognitive impair-
ments associated with the disease. For example, future re-
search could employ pharmacological modulation of specific
potassium and sodium channels in vivo to determine whether
normalizing excitability can rescue memory performance in
AD models or use high-resolution imaging to track how these
excitability changes progress during disease stages.

One limitation of this study is the relatively modest sample
size, which may affect the statistical power and generalizabil-
ity of certain findings.

In conclusion, the observed alterations in neuronal ex-
citability may represent an early and targetable component
of AD pathology, suggesting that therapies aimed at stabiliz-
ing intrinsic firing properties could complement approaches
focused on reducing amyloid or tau pathology. By advanc-
ing our understanding of how the disease alters the fun-
damental electrical behavior of hippocampal neurons, this
study underscores the importance of integrating electrophys-
iological biomarkers into both basic and translational AD re-
search, helping to build a clearer connection between cellular-
level changes and the progression of cognitive symptoms in
Alzheimer’s disease.
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