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Abstract. Parkinson’s disease (PD) is the second most common fatal neurodegenerative disease
in the world, and it reduces patients’ quality of life by causing movement disorders (e.g., tremors,
muscle stiffness, and impaired balance) and non-motor disorders (e.g., depression, anxiety, and
dementia). Previous research has mostly concentrated on dopamine-producing neurons in the
substantia nigra compacta (SNc) that are dying off, which restricts therapeutic options and
renders the search for disease-modifying therapies fruitless. In order to make a breakthrough,
pathological changes in other brain areas deserve more attention. Previous PD studies reported
atrophy in the hippocampus, an indispensable part of spatial and temporal memory formation.
To answer the question of the cellular mechanism of hippocampus atrophy, this paper intends to
research previously uncharted hippocampal intrinsic plasticity alterations. After analysing
intercellular recordings of pyramidal neurons gathered from normal mice and genetically
engineered PD mice, this paper demonstrates disparities in the intrinsic factors not noted in the
previous research, such as peaks and afterhyperpolarization. These findings represent a
progressive advancement in our comprehension of hippocampal pyramidal neurons, indicating
potential therapeutic targets for Parkinson’s disease treatment via SK channels, BK channels,
and sodium channels.
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1. Introduction

1.1. The Pathogenesis of Parkinson's Disease and Corresponding Treatments

Over time, extensive research literature has developed on the pathological alternations in the dopamine
pathway in substantia nigra compacta (SNc), a structure located deep in the brain. Dopamine is a
neurotransmitter that relays signals between connected dopaminergic neurons (dopamine-releasing
cells). Dopaminergic neurons in SN¢ play an indispensable role in fine-turning movement, while they
are fragile due to their extensive branches and high energy demand for sending signals [1]. Consequently,
the reduction of available dopamine, attributed to degenerating dopaminergic neurons, was argued to be
responsible for movement-related symptoms and confirmed by clinical investigation. Parkinson’s
related symptoms develop when there is a 50-60% dopaminergic neuron loss and an 80-85% decrease
in dopamine concentration in SN¢. Though yet to be fully understood, the current literature proposes
several possible cellular mechanisms for the loss of dopaminergic neurons: mitochondrial dysfunction,
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oxidative stress, and inflammation [2]. From a proteomic perspective, PD is characterized by the
formation of the abnormal accumulation of proteins in brain neurons called Lewy bodies, whose major
constituent is a-synuclein (a-Syn). o -Syn damages lysosomes’ breakdown function, accelerating Lewy
bodies’ development [3]. From a genetic perspective, some pathogenic variants are responsible for
Parkinson’s disease. For instance, PRKN, PINK1, and PARK?7 are genes related to mitochondrial
dysfunction [4]; SNCA is a gene that facilitates the formation of a-Syn [5]; and gene MAPT facilitates
the aggregation of tau, a protein that is also found in Alzheimer’s and frontotemporal dementia [6, 7].

Unfortunately, current treatments are symptomatic, focusing on alleviating symptoms without
disease-changing ability [8]. The current medicine included dopamine-based ones for motor symptoms,
selective serotonin reuptake inhibitors for psychiatric disorders, and cholinesterase inhibitors for
cognitive issues. Among those medicines, levodopa (L-DOPA), an amino acid that can pass through the
blood-brain barrier and supplement dopamine concentration, is widely used for clinical treatments and
scientific research. Nevertheless, owing to their symptomatic nature and the degradation of neurons,
drug tolerance will ultimately develop, and medication-resistant tremors or dyskinesias will aggravate
[9]. Therefore, an essential issue in the literature is further exploring the unrevealed mechanism and
searching for disease-modifying medicine.

Although previous research almost exclusively focuses on the degeneration of dopaminergic neurons
in SNc [10, 11], other types of neurons are also involved: decrease of serotoninergic neurons in the
brainstem and denervation in cardiac norepinephrinergic neurons [12]. Furthermore, the MRI analysis
indicated that multiple brain regions were involved in the process of Parkinson’s disease. The MRI
studies compared the volume differences as Parkinson’s disease progresses. According to Blair [13] and
Pieperhoff [14], nearly every subcortical region shrinks along with the progression of Parkinson’s
disease, including the hippocampus, amygdala, and Entorhinal Cortex, which could shed light on a better
understanding of pathology and provide alternative treatments.

1.2. The Hippocampus and Pyramidal Cells

The hippocampus was suspected to be responsible for the dementia exhibited in Parkinson’s disease due
to its imperative role in memory formation. The hippocampus, located in the deep region of the brain
named the midbrain, is an indispensable part of spatial and temporal memory formation [15]. Previous
experiments like the classical H.M. case showed that if the hippocampus region were damaged, the
patient would likely fail to form new long-term memory [16], which is also one of the cognitive
dysfunctions exhibited in Parkinson’s disease patients.

Many previous and current studies have shown that the hippocampus has PD-related lesions. From
macroscopic observations, decreasing bilateral hippocampus volume was spotted in MRI observations
of PD patients [13, 17, 18]. These volumetric changes have various microscopic explanations, including
genes, mitochondria dysfunction, oxidative stress, Lewy bodies, and inflammation. Besides these,
existing literature examined synaptic plasticity neurons to find out the underlying reasons behind the
degeneration in the hippocampus. Costa et al. formulated that hippocampal long-term depression (LTP)
is reduced in PD mice due to the deficits in NMDA receptors; L-DOPA administration can restore the
abnormalities, suggesting that hippocampal dopaminergic pathways may contribute to PD-related
cognitive dysfunction [10]. Moreover, genetic study elucidates the pathological changes accompanied
by Parkinson’s disease. The mitochondrial dysfunction causing mutation in PARK?2 (a gene that codes
for parkin, a ubiquitin E3 ligase participating in mitochondrial homeostasis) was found to lead to the
proliferation of excitatory hippocampal glutamate synapses, and consequently increasing synaptic
vulnerability and eventually contributed to the loss of neurons [19]. On the other hand, other researchers
cast doubts on the PD-induced hippocampus and occurrence by pointing out that no significant loss of
hippocampal neurons was found, and reported discrepancies resulted from inaccurate measurements of
neuron numbers [20, 21]. As a result, investigations in the hippocampus are promising for solving
disputes and finding the solution for Parkinsonian cognitive impairment.

This research focuses on the pyramidal neurons, the primary neurons in the hippocampus (accounting
for 70% of total neurons in the hippocampus). The hippocampus is composed of two major groups of
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neurons: projection neurons (granule cells and pyramidal cells) and interneurons ( with 16 divergent
types [22]). Projection neurons are glutamatergic neurons (glutamate-releasing neurons) liberating
excitatory signals, while interneurons are multifarious mediators forming inhibitory synapses
(connections between neurons) with principal neurons. This paper specifically researches pyramidal
neurons, characterized by their pyramidal or teardrop-shaped soma (neuron’s cell body) and multi-
branched dendrites (the extension of neurons, which relay signals) (as shown in figure 1(a)). With
manifold ion channels located throughout the neurons, pyramidal neurons set the foundation for
cognitive functions like memorizing, learning, and thinking.
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Figure 1. The schematics of pyramidal neurons and action potential and the related ion channels.
(a) Camera tracings of representative pyramidal cells, showing cell structures. The triangular region is
the soma, and the highly branched region is the dendrite that connects pyramidal neurons and others.
Figure 1(a) is adapted from [23]. (b) Action potential is generated after the stimulus. There is an influx
of sodium ions caused by the opening of NaV, causing the inner cellular potential to increase. Then, the
NaV closes, and the outflow of potassium begins when KV opens. After that, multiple channels are
involved to balance the membrane potential; some use energy, like N/K-ATPase, while others use
facilitated diffusion.

1.3. Intrinsic Plasticity and Synaptic Plasticity
Plasticity, the basis of memory, is the manipulation of how neurons connect and react to stimuli by
modulating the generation of action potential. Action potential starts from receiving neurotransmitters
in their afferent synapse on the dendrite, a gap between neurons that converts received chemical signals
to electrical voltage and passes the voltage to soma. Voltages are summed. If the summed voltage
exceeds the critical voltage, the axon hillock will initiate the new action potential (As shown in figure
1(b)). Whereafter, the signals travel through the axon to synapses, where neurotransmitters are released
and received by succeeding neurons. The signal transduction relays the influx and outflow of sodium
(Na+) and potassium (K+) ions. The influx of sodium is regulated by voltage-gated sodium channels
(NaV); the leakage of potassium is controlled by voltage-gated potassium channels (KV). The return of
resting potential is adjusted by calcium-dependent potassium channels (which include two subtypes:
small conductance calcium-activated potassium channels, or SK channels, and large conductance
calcium-activated potassium channels, or BK channels), and sodium-potassium pumps (Na/K-ATPase).
Intrinsic plasticity and synaptic plasticity are two mechanisms that are involved in the process of
action potential generation. Intrinsic plasticity is defined as the change in ion channel activity, number,
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and distribution [24] that affects neurons’ fundamental mechanisms, including synaptic integration,
subthreshold propagation, and spike generation [25]. Intrinsic plasticity occurs in axons, dendrites, and
cell bodies. On the other hand, synaptic plasticity refers to changes in the strength of synaptic
connections based on external stimuli, or specifically, the number and type of ion receptors, ion channels,
and the membrane electrical potential. There are two key components: long-term depression (LTD), and
long-term potentiation (LTP), corresponding to the decrease and increase of membrane potential, caused
by the widely researched NMDA and AMPA receptors [26]. Since the neuron’s electrical potential must
exceed the threshold to fire, LTD and LTP affect the difficulty of firing. While both types of plasticity
include changes in ion channels: calcium-related, voltage-gated, and ligand-gated ion channels, the
differences between the two types of plasticity included the location and types of ion channels. Together,
intrinsic plasticity and synaptic plasticity set the foundation for memory.

There are emerging research interests in intrinsic plasticity, since it can explain why animals are
capable of learning after one stimulus, while synaptic plasticity requires multiple stimuli to have an
effect. Besides, synaptic plasticity modulates the transduction of neuro signals more extensively because
intrinsic plasticity determines the possibility that action potential is initiated in the axon hillock, as well
as the shape of action potential and spike sequence (such as frequency and spike number). There is
considerable research about intrinsic plasticity that enhances the understanding of diseases, including
epilepsy, chronic pain, and addiction [27-29]. Some researchers found that the K+ channel is
downregulated in epilepsy patients [30, 31], and knocking out K+ channels (Kv4.2) increases
hyperexcitability in mice [32].

1.4. Statement of Purpose

This paper investigates the intrinsic plasticity and ion channels malfunctioning in Parkinson’s disease
mice by calculating intrinsic factors. As the first attempt to investigate this area, it could shed light on a
better understanding of Parkinson’s disease mechanism and help find potential pharmaceutical targets.

2. Materials and Methods

2.1. Animal model

The Parkinson’s disease mice were prepared by genetic modification using the MitoPark model
proposed [33]. This model disrupts mitochondrial function in dopaminergic neurons by knocking out
mitochondrial transcription factor A (mftA) [34]. As a pivotal protein in mitochondrial DNA expression
and maintenance, mftA knockout causes mitochondrial damage in mice. These mice display progressive
dopaminergic degeneration, motor impairments, and varying responses in L-DOPA treatment. In this
paper, the “PD” group represents the genetically modified mice, while the “Intact” group represents not
manipulated ones that serve as a control.

2.2. Slice preparation, pharmacological manipulations, and whole-cell recording

The neuron samples were produced by making brain slices of the hippocampus region in the mice.
Multiple drugs that block synaptic connections (by blocking receptors and ion channels on the synapses)
were used to fix synaptic plasticity and measure intrinsic plasticity. The data were acquired from the
Margoliash Lab at the University of Chicago using the whole-cell current patch clamp. The cell received
100 pA currents, and the cross-membrane voltage was measured by the patch clamp, sampled at 10 kHz
for both cell types. Parkinson’s disease neurons (n=8) and intact neurons (n=10) are examined with a
standardized procedure. The detailed methods are illustrated in the method section of this paper [35].

2.3. Pharmacological manipulation

A gravity perfusion system was used to apply pharmacological reagents. For blocking synaptic currents,
antagonists of N-methyl-Daspartate (NMDA), AMPA/kainate, GABAA and GABAB receptors: 6-
cyano-7nitroquinoxaline-2,3-dione (CNQX, 10 pM; no. 0190, Tocris), (RS)-3-(2Carboxypiperazin-4-
yl)-propyl-1-phosphonic acid (CPP, 10 uM; no. 0173, Tocris), (3-Aminopropyl)(diethoxymethyl)

26



Proceedings of the 2nd International Conference on Modern Medicine and Global Health
DOI: 10.54254/2753-8818/32/20240739

phosphinic acid (CGP 35348, 50 uM; no. 123690-79-9, Santa Cruz) were used. SR 95531 Hydrobromide
(Gabazine, 10 pM; no. 104104-50-9, Santa Cruz) was used to block GABAA receptors. DMSO was the
solvent for CNQX and PTX (final concentration 0.1%), while water was the solvent for CPP, CGP
35348 ,and Gabazine. In current clamp experiments, in addition to synaptic antagonists, the channel
antagonists were added: cadmium chloride (300 pM; no. 10108-64-2, Sigma), tetraecthylammonium
chloride (TEA, 25 mM; no. T2265, Sigma), cesium chloride (5 mM; no. 4739, Tocris), and tetrodotoxin
(TTX, 5 uM; no. BML-NA120-0001, Enzo). Throughout the trials, some neurons were lost because of
the numerous harmful medications that were applied to the slice. Only those that remained healthy
throughout all drug treatments are reported.

2.4. Spike features analysis
To compare the change of intrinsic plasticity in hippocampal pyramidal neurons, several features were
selected based on the standard choice from the literature [28]. Figure 2(a) is the recording of the current
patch clamp, which is called a spike train because it has several spikes. Each spike in the spike train is
called action potential (AP), which has three key components: threshold, peak, and
afterhyperpolarization. Threshold (Thr) is defined as the voltage where the instantaneous rate of change
for the neuron electrical potential is greater than 10 mV/0.1ms, and the instantaneous rate of change is
dav Vit1—Vj
defined as —(t) =—+——
dt tiv1—t
Afterhyperpolarization (AHP) is the minimum voltage after the peak. Several other features, including
amplitude (the voltage difference between peak and threshold), time to peak-peak (TTP-peak) (the time
interval between threshold to peak), time to peak-after hyperpolarization (TTP-AHP) (the time interval
between peak and AHP). Other features include spike width (the time interval between the AP’s time to
reach ascending half-amplitude and descending half-amplitude), spike count (the number of AP in the
spike train), spike attenuation (the decrease of the peak from the first AP to the last AP), and first spike
latency (Time between current injection and the AP reach the peak).

Peak is the highest voltage within an action potential.
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Figure 2. The recording from the current clamp and the schematic diagram of the features
extracted. (a) This figure is an example of a whole-cell current patch clamp recording spike train
acquired when a current of 100 pA was injected into a pyramidal neuron for 200 ms. The graph above
records membrane voltage recording; below is the corresponding current injection. The “I in” and “I out”
in this figure represent where the injection and removal of electrical currents correspond to the voltage.
(b) figure 2(b) is an extraction of one action potential (AP) from figure 2(a). It shows the features that
are used in the following analysis. The threshold (Thr), amplitude, peak, width, and minimum
afterhyperpolarization (min AHP) are annotated on the graph.
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3. Results

3.1. PD pyramidal neurons exhibit higher frequency and more morphological changes.

PD and intact (the control group) neuro-recordings are compared to unravel changes in intrinsic
plasticity; the results are shown in Figure 3. The similarity between the two sets of data is that pyramidal
neurons continue to fire after inputting the same amount of current, thus triggering multiple action
potentials. In addition, within each group, the first spike has the highest peak voltage, and later spikes
have a lower peak voltage than the first spike.

On the other hand, the spike train differs in some aspects between the PD and intact cases. First, the
most apparent change is the increase in firing frequency. PD cases had significantly more spikes and
shorter inter-spike intervals during the same stimulation period. Previous research suggested that this
could be due to the downregulation of voltage-activated potassium channels [36]. Second, when spike
waveforms of each spike were extracted and superimposed, they demonstrated a variety of waveforms
in PD cases. These differences suggest the PD pathology and set the foundation for the subsequent
quantitative analysis based on features calculated to evaluate differences in intrinsic plasticity
systematically.
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Figure 3. Spike train from PD and intact mice, and the morphological comparison between each
spike. (a) An example of spike train data gathered from hippocampal pyramidal neurons from PD mice
and intact mice, each of them was acquired from a current patch clamp with the 100 pA current
stimulation for 200 milliseconds. The blue line is PD pyramidal neurons, and the orange line is from
intact neurons. (b) The overlapping of action potential within one PD spike train. (¢) The overlapping
of action potential within one PD spike train. In figure 3(b) and figure 3 (c), the first spike is marked
in red, and morphological differences can be seen in the graph.

3.2. Extracted Features Indicated Significant Differences Between PD and Intact.

A Mann-Whitney U test was performed to evaluate whether the intrinsic features of hippocampal
neurons collected from animals exhibiting Parkinson’s disease differ from hippocampal neurons
collected from intact (non-manipulated) animals. It can be seen from the data in figure 4 that there are
apparent disparities in intrinsic plasticity features between PD and intact neurons, revealing the
neurophysiology of PD pyramidal neurons in the hippocampus.

First, the PD cells have wide-ranging morphology. Strong evidence of decreasing peak voltage is
found in this study (U = 12, p = .014), which also significantly reduced amplitude of AP (U =17, p
=.043). Sodium channels are principally responsible for controlling peak. Therefore, it is likely that the
decrease in peak is a result of the downregulation of the sodium channel, which is supported by the
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calculation of the Nernst equation [37]. Furthermore, even though the TTP-peak (interval between
reaching threshold and peak) is not significantly different between PD and intact group, a closer
inspection of figure 4(a) shows that the boxplot of the TTP-peak of PD is much longer than that of intact,
indicating that the TTP-peak of PD is more spread out than the TTP-peak of intact, which might be
caused by the downregulation of voltage-gated sodium channels (NaV), and upregulation of the region
responsible for inactivating NaV [38]. Additionally, the first spike latency is significantly decreased in
the PD group, meaning PD neurons exhibit a higher level of excitability that takes significantly less time
to react after stimulus.

Second, PD samples reveal abnormal changes in afterhyperpolarization. Figure 4(b) indicates a
significant decrease (U = 14, p =.023) in TTP-AHP in PD neurons. TTP-AHP is a feature of the action
potential controlled primarily by calcium-dependent potassium channels (including SK and BK
channels). While we did not test this pharmacologically, the increase in TTP-AHP in PD neurons hints
clearly to an upregulation in the calcium-dependent potassium channels. This finding broadly supports
the work of other researchers linking BK channels to learning [39] and SK channels with locus coeruleus
in PD cases [40].

Surprisingly, not all features extracted exhibit significant differences. There are no significant
differences in features of width and threshold (as shown in figure 4(a) and figure 4(b), indicating that
the potassium currents (controlling the width and threshold) are not significantly altered.
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Figure 4. There are evident differences in firing patterns in the first spike among PD and intact
mice. By analyzing features extracted from the first AP of each electrical stimulation, a significant
increase in PD mice of TTP-AHP, peak, and amplitude is discovered among PD and intact mice. (a)The
features in micro-seconds include TTP-peak (time to peak-peak), TTP-AHP (time-to-peak-
afterhyperpolarization), and first spike latency. (b)The microvolt features include amplitude, peak,
threshold, and minAHP (minimum afterhyperpolarization).

4. Discussion
This study’s data support that the intrinsic plasticity of hippocampal pyramidal neurons is altered in the
PD case, especially in spike count (spike frequency), first spike latency, peak, and TTP-AHP. This study
was the first to investigate intrinsic plasticity in hippocampal neurons using quantifiable features. These
features could shed light on the preventive treatment of Parkinson’s disease.

The observed augmentation in spike count and initial spike latency signifies that under the influence
of electrical currents, neurons in PD exhibit a heightened propensity to initiate action potentials. This
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increased excitability is consistent with prior studies indicating excitotoxicity in PD [41], suggesting
that hippocampal pyramidal neurons exhibit excitotoxicity in both SNc and hippocampus, supporting
the MRI observation of hippocampal atrophy [13, 14].

Over-excitability is posited to cause an influx of calcium ions, damaging mitochondria, and
increasing the likelihood of mitochondrial dysfunction. This, in turn, can lead to cell death and contribute
to neurodegenerative diseases such as Alzheimer’s and Parkinson’s [42]. Earlier studies have ascribed
this heightened excitability to dysfunctional NMDA receptors [43]. However, the findings of this
research are unexpected, given that all synaptic receptors were inhibited during neuronal treatment. This
suggests that the hyperexcitability of neurons may be attributed to intrinsic ion channels not previously
identified in the literature.

The observed reduction in peak voltages indicates premature closure of Nav channels following the
initial stimulus, thereby allowing fewer sodium ions to increase the intracellular potential. This
phenomenon could alternatively be attributed to the premature opening of voltage-gated potassium
channels (KV). Researchers already observed that NaV channels could lead to cellular death and cancer
cell proliferation [44, 45].

This research also found a significant reduction of time to peak afterhyperpolarization, indicating
that the SK and BK ion channels deactivated in time, and the neurons are more prepared for future firing.
SK and BK channels were recently discovered correlating to cerebellar dysfunction and impaired
mitochondria [46].

There are several possible uncertainties related to this finding. A note of caution is due to the
relatively small sample size, and only a single level (100pA) of current was injected into the neurons.
The small-scale setting in this work introduces more random errors in the experimental procedure and
variation within neurons; 100pA current may not be representative enough for all possible stimulating
conditions. Moreover, the hypothesis of ion channel malfunction lacks confirmation from
pharmacological blockers of specific ion channels or genetic sequencing to check for upregulations or
downregulation of these channels. Finally, the stochastic nature of neuron’s firing patterns could also
lead to potential uncertainty about the findings in this research [47].

There are already some medicines that target the malfunctioning ion channels that could be applied
to the suggested intrinsic plasticity channels, like the medicines that treat epilepsy and regulate the
excessively activated sodium ion channels [48], chlorzoxazone that could alleviate the symptoms caused
by SK and BK channels dysfunction [46]. It is possible that these medicines could be used as potential
targets for Parkinson’s patients.

These alteration in intrinsic excitability suggests pathological functioning impairment in NaV, SK,
and BK ion channels located in locations other than commonly believed synapses was present in PD
model mice. Identifying malfunctioning ion channels in the hippocampus may provide pharmaceutical
targets to slow down neurodegeneration and mitigate cognitive impairment.

Future investigations should concentrate on the functionality of ion channels in hippocampal
pyramidal neurons. Optogenetic studies could be employed to manipulate specific neuronal channel
activity, aiming to establish a direct link between ion channels and cognitive behaviors. It is anticipated
that future therapies could address not only the symptoms of Parkinson’s disease but also its underlying
cellular pathways.

5. Data and code availability

Python programming language was used to process the data. The graphs were generated using Matplotlib,
Statannotations, and Adobe Illustrator. The data and code supporting this study’s findings are available
upon reasonable request.
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