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Abstract

One of the early hallmarks of Huntington's disease (HD) is neuronal cell atrophy, especially in the striatum, underlying motor dysfunction
in HD. Here using a computer model, we have predicted the impact of cell shrinkage on calcium dynamics at the cellular level. Our model
indicates that as cytosolic volume decreases, the amplitude of calcium transients increases and the endoplasmic reticulum (ER) becomes
more leaky due to calcium-induced calcium release and a “toxic” positive feedback mechanism mediated by ryanodine receptors that
greatly increases calcium release into the cytosol. The excessive calcium release from ER saturates the calcium buffering capacity of
calbindin and forces further accumulation of free calcium in the cytosol and cellular compartments including mitochondria. This
leads to imbalance of calcium in both cytosol and ER regions. Excessive calcium accumulation in the cytosol can damage the
mitochondria resulting in metabolic dysfunction in the cell consistent with the pathology of HD. Our computational model points
toward potential drug targets and can accelerate and greatly help the experimental studies of HD paving the way for treatments of

patients suffering from HD.
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Significance Statement

There are presently no effective treatments for Huntington’s disease (HD). We present a computational model of neuronal cell atro-
phy during HD which predicts that cell shrinkage contributes to dysfunction of calcium dynamics and cell pathology. The model iden-
tifies calbindin, ryanodine receptors, and dihydropyridine receptors as potential drug targets to address the dysfunction. Neuronal
cell atrophy is seen in aging and other neurodegenerative disorders, thus our in silico model could be used to develop new biomarkers
and to predict the efficacy of treatments at an early stage of neurodegeneration.

Introduction

There is great interest in calcium metabolism and homeostasis in
neurodegenerative disorders and aging. An earlier study showed
how cellular metabolism is affected in Huntington's disease
(HD) (1). During the course of HD, cells, especially in the striatal re-
gion and cortex, shrink, and eventually die (2-4). Brain atrophy in
HD is correlated with the duration of the disease (5). In recent
studies, the rate of disease progression has been accurately esti-
mated by measuring atrophy rates in preclinical HD subjects com-
pared to controls (3, 6).

HD is an autosomal dominant inherited neurological disorder
caused by the expansion of cytosine-adenine-guanine (CAG) re-
peats in exonl of the gene coding for the Huntingtin protein.
One of the hallmarks of HD is the atrophy of multiple brain re-
gions including the striatum and other subcortical gray matter
and cortical brain areas in premanifest HD gene carriers.

Huntingtin is widely expressed in neuronal cells; however, it is
also widely expressed in non-neuronal peripheral tissue including
the heart, skeletal muscle, liver, and kidneys. Loss of body mass
and muscle atrophy are hallmarks of HD (7-9). It has also been
shown that the same pathway that leads to neurodegeneration
in HD is also active in myoblast and blood cell cultures taken
from HD patients, contributing to mortality (10, 11). There is a re-
gional brain atrophy reported in HD which progresses based on
the disease severity. Late in the disease volumetric losses of the
following magnitudes are observed: 20% in cortex, 30% in thal-
amus, 30% in cerebral white matter, 55% in globus pallidus, and
60% in striatum (12, 13).

Thereis great clinical need to identify and investigate premani-
fest HD gene carriers; i.e. those who have CAG expansions without
motor symptoms and will gradually develop manifest HD. Since
atrophy of both neuronal striatal and subcortical gray matter
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cells, as well as of non-neuronal skeletal muscle cells is an early
sign of premanifest HD, our plan is to investigate the molecular
signaling and, specifically, calcium signaling that regulates nu-
merous cellular process affected by cell atrophy. In fact, calcium
dysregulation is one of the striking features of HD. A study by
Mattson (14) demonstrated that perturbation of intracellular cal-
cium homeostasis is associated with neuronal death. Intracellular
calcium imaging shows that mutant Huntingtin results in exces-
sive basal calcium release (calcium leak via ryanodine receptor
[RyR]) leading to depletion of internal calcium stores. Calcium
leak has been observed in both striatal and cortical neurons in
the R6/2 HD mice model (15).

We use a computer model to discern the effect of cell atrophy
on the course of HD and how it might affect calcium dynamics
in the cell. Such a study can guide our understanding of calcium-
dependent molecular mechanisms affected in HD and inform our
knowledge regarding the effectiveness of future therapy/drug de-
velopment. Our goal is to understand how cell shrinkage affects
some of the key cell signaling molecules/mechanisms in the
course of HD and to better guide us on the effectiveness of possible
drugs. Specifically, we simulated the effects of cell volume shrink-
age on calcium handling and dynamics. A 3D computational mod-
el of calcium handling dynamics in a short segment of a neuronal
axon was constructed using a stochastic, particle-based simula-
tor, MCell4/CellBlender, to simulate molecular interactions.

After an action potential (AP), an influx of calcium through
voltage-dependent calcium channels (VDCCs) into an axon trig-
gers the activation of RyRs and subsequent calcium-induced cal-
cium release (CICR) from the endoplasmic reticulum (ER).

Our realistic model of a reconstructed segment of an axon in-
cluded the ER and the subcellular arrangement of molecules involved
in calcium homeostasis and CICR after an AP, the critical stimulus
that triggers a cascade of dynamic events involving calcium.

We found that the extent of accumulation of the released cal-
cium in the cytosol is strongly dependent on the cytosolic volume.
Our finding indicates that the restricted cell volume will resultin a
“positive feedback” mechanism in which calcium influx through
the open VDCCs results in a local increase in [Ca”*].y.. If this local
transient is high enough it will activate the nearby RyRs, causing
the release of Ca®" from the ER that further elevates the local
[Ca™]eyr, which in turn incites even more RyRs via positive feed-
back and depletes ER calcium. The axon will remain in this feed-
back loop until the local [Caz*]cyt decreases below the activation
threshold of RyRs. This prolonged increase in the [Ca”]Cyt and ac-
cumulation in other organelles including mitochondria is highly
toxic to the cell and can result in cell death (16).

Methods
Overview of MCell

The MCell4 computer program that we used to simulate the cal-
cium dynamics in axons is a powerful modeling tool for realistic
stochastic simulation of cellular signaling in subcellular microen-
vironments in and around cells (17). MCell was originally devel-
oped for use at synapses to study the behavior of molecular
interactions in small compartments containing so few molecules
that macroscopic continuum assumptions (especially the “well-
mixed” assumption) do not apply and stochastic behavior domi-
nates (18, 19). MCell4 uses highly optimized Monte Carlo algo-
rithms and network-free particle-based evaluation of reaction
rules, to track the stochastic behavior of individual molecules in
space and time as they diffuse and interact within the cytosol

and on membrane surfaces. In this program, molecules are repre-
sented as discrete particles with binding and modification sites
that are acted upon by specified reaction rules expressed using
the BioNetGen language (BNGL) (20). During a simulation, the
rules are triggered stochastically according to the reaction rates
when collisions between two particles are detected in the geomet-
ric space. The movements of molecules in 2D and 3D are simu-
lated as a pseudo-random walk in accordance with the diffusion
constants specified. Stochastic biochemical reaction networks
are specified in BNGL with their chemical kinetic rate constants.
The creation of the model was aided by using CellBlender, an
add-on for the powerful 3D computer graphics modeling tool,
Blender, and provides a Graphical User Interface for designing
and implementing MCell4 models.

CellBlender enables model building of cellular systems with in-
creasing scope and complexity. Such models can enable new in-
sights by illustrating how microscopic interactions and their
spatial organization give rise to macroscopic behavior. Because
models constructed in this way include rich mechanistic detail,
predictions from simulations constitute testable hypotheses at
the biochemical and molecular biological levels (21, 22). The model
simulates the function of a cellular system from its structure and
component parts, including molecules, reaction networks, subcel-
lular organelles, and cellular membrane architecture. The MCell4/
CellBlender platform for cell modeling and simulation was devel-
oped and designed expressly for this purpose (17, 19, 22, 23).

Calcium-induced calcium release

Calcium is an essential signaling ion in cells in which many
physiological stimuli rely on intracellular free calcium level
(24, 25). Inneurons, the cytosolic calcium concentration is import-
ant for determining neuronal activities and is modified by CICR,
defined as the release of calcium from the ER into the cytosol trig-
gered by an increase of calcium in the cytosol (26). This process
was first discovered in skeletal muscle.

Neurons are equipped with a sophisticated homeostatic mech-
anism to keep the resting steady-state cytosolic calcium concen-
tration in a tightly regulated range of around 100nM (27).
Among many calcium influx pathways, VDCCs are the major
source of calcium influx into the cytosol from the extracellular
space that is modulated by axonal and synaptic activity. In
CICR, a relatively small increase in cytosolic calcium induces
the opening of RyRs, located in the ER, allowing calcium stored
in the ER to enter the cytosol. Activation of RyR causes “hotspots”
of cytosolic calcium that cause further opening of ER calcium
channels and promote mitochondrial calcium uptake. This makes
ER a critical organelle that has the ability to act as an amplifier for
cytosolic calcium elevation and is capable of generating calcium
transients in the absence of significant plasma membrane de-
polarization. Calcium transients due to CICR have been described
in neurons experimentally (28). Calcium amplification by CICR,
demonstrated in numerous types of neurons including both the
central and peripheral nervous system, has a role in the propaga-
tion of calcium increases that control neuronal membrane excit-
ability and synaptic plasticity as well as gene expression (29).

RyRs are the major channels responsible for CICR from the ER of
neurons that play an important role in HD pathology. However, CICR
can also originate from Inositol 1,4,5-trisphosphate (IP3) receptors
(IP3Rs) in the ER. Activation of IP3Rs requires concurrent binding
of calcium and IP3. IP3 is generated by activation of cell signaling
pathways with G-protein-coupled receptors. We have not included
these pathways in our current model.
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Model configuration

Figure 1 shows the schematic diagram of our model.
Calcium-ATPases are the key components of calcium extrusion
machinery that are also pivotal for the preservation of neuronal
calcium homeostasis incorporated in our model. The plasma
membrane calcium ATPase (PMCA) and sarco/endoplasmic cal-
cium ATPase (SERCA) were identified decades ago and have a
high affinity for calcium ions, maintain cytosolic calcium concen-
tration in the resting steady state at ~100 nM, and restore this bal-
ance following muscle activation in response to a neuronal
stimulus. In the schematic diagram in Fig. 1, the PMCA pumps
(green) are located in the plasma membrane and the SERCA
pumps (blue) are in the ER membrane.

PMCA pumps need ATP to pump calcium from the intracellular
compartment of the cell to the extracellular region outside the
cell, against a steep concentration gradient. The laws of thermo-
dynamics require that PMCA pumps must also leak calcium
from outside to inside. We assumed the inward leak flux of cal-
cium through PMCA from outside to inside is constant because
[Ca*"]out is constant. The rate at which the PMCA pump extrudes
calcium is directly proportional to [Ca®*].y:. At rest, the inward
leak flux balances the outward flux through the PMCA pump,
thus establishing steady-state homeostasis, at 100 nM [Ca]cyt.
The ER calcium level is maintained by the sarcoendoplasmic re-
ticulum calcium ATPase (SERCA) pumps. If [Ca®*]., is at steady
state, it will have a constant value of 100 nM and the inward
flux through the SERCA pump into the ER will be constant. At
rest, the outward flux from the SERCA pump is equal to the inward
flux, which occurs when [Ca?'|gg is 400 pM. In Fig. 1, Calbindin
(gray) acts as a calcium buffer. The buffering provided by calbin-
din protects them against potentially harmful increases in intra-
cellular calcium. At resting [Ca]ee of 100nM, only a small
fraction of the calbindin will be bound by calcium.
Dihydropyridine receptors (DHPR) VDCCs (also known as L-type
VDCCs) (red) mediate voltage-dependent transients of calcium in-
flux into the cytosol in response to APs and synaptic activity. The
L-type VDCCs are associated with RyRs and are localized outside
of the active zone (30). Axonal neurons also contain N-, P-, and
Q-type VDCCs which are localized to the active zone of the axonal
bouton and are not associated with RyRs (31) but are not included
in our model. Calcium transients entering via VDCCs activate
RyRs (white) on the ER and trigger CICR from the ER into the cyto-
sol. During calcium transients, calbindin binds to the calcium ac-
cording to its reaction kinetics and buffering capacity. If calcium
transients are too large, the buffering capacity of calbindin can
saturate, allowing the [Ca®*] to continue increasing. Following
a calcium transient, the collaborative effects of PMCA and
SERCA re-establish calcium homeostasis in the cytosol and ER
compartments.

Model geometry

We constructed an axonal bouton using 3DEM (22), shown in
Fig. 2A and B. Here, we started with the cytosolic volume, as ob-
tained directly from the 3DEM, which we defined to be the full
cytosolic volume (Fig. 2A, top). We then used the “shrink wrap”
tool in Blender to shrink the net cytosolic volume in our model
by 50%, without changing the volume of the ER or mitochondrion,
to represent the 50% cytosolic volume case, and then further
shrank the cytosol down to 20% cytosolic volume. We then distrib-
uted the pumps, channels, and buffers according to their known
localization, and initial concentrations/densities, as visualized
in Fig. 2B, from sources in the literature (see Table S1). We

assumed that the density of PMCA remains constant with shrink-
age of the axon due to a homeostatic mechanism which operates
to maintain the PMCA density.

Molecules and their biochemical interactions

Figure 3 and Table S1 summarize the reaction kinetic schemes as
well as rate constants in the model.

AP stimulus

Figure 4 shows the waveform of the AP in the axon used in our
model. Membrane depolarization due to the AP (Fig. 4A), caused
VDCCs to open (Fig. 4B) allowing an influx of calcium to trigger
the activation of RyRs and subsequent CICR from the ER (see
Results).

Calcium point-release stimulus

For the point-release of calcium (see supplementary material), a
chosen number of calcium ions were simultaneously released at
time t=0 from a point in space very close to the cluster of RyRs.
The number of calcium ions released was varied to assay the
stimulus sensitivity as discussed in supplementary material.

Assay of sensitivity to stimulus

The sensitivity of the triggered activation of the RyRs was deter-
mined under different shrinkage states of the cytosolic volume.
We varied the number of RyRs clustered on the ER to determine
the threshold number of RyRs needed for the calcium in the ER
to empty by 50% in response to a single AP.

Results

During an AP, the extent of accumulation of released calcium in
the cytosol is strongly dependent on the cytosolic volume as
shown for three simulated volumes in Fig. 5. The initial rapid de-
cay of the calcium in the full volume case is due to the high cap-
acity of calbindin to buffer the calcium. It is important to note
that the concentration of calbindin is the same in all three models
and this means that the total amount of calbindin available to
buffer calcium is reduced by the same factor as the cytosolic vol-
ume in the models of cell shrinkage. Consequently, the initial de-
cay of calcium at 50% volume is not as rapid as the full volume
case due to the reduced capacity of calbindin in this shrinkage
condition. The plateau in the 20% volume case indicates that
the calcium accumulation in the shrunken cytosol has saturated
the calbindin buffer as can be seen in Fig. 5.

We used the same concentration of calbindin in all models and
the only change was in the volume, which alone was responsible
for the decreased calbindin buffering capacity in these simula-
tions. In HD, a decreased expression of the calbindin gene has
alsobeen reported (32), which will further contribute to the failure
of calcium buffering in the cell and ultimately to calcium-
mediated cytotoxic events.

Another interesting phenomenon is the “toxic positive feed-
back mechanism”. As the volume of the cytosol decreases, RyR
is more strongly activated, which leads to the depletion of calcium
from the ER. As shown in Fig. 6, in the case of full volume, calcium
is partially depleted; however, at 50 and 20% cytosolic volume,
there is an almost complete emptying of the ER. This is an inter-
esting phenomenon since the RyRs in our model function normal-
ly and the only change is in the volume. As the volume decreases,
RyRs are activated much more strongly and act as if they are
“leaky” (Fig. 7) as reported in HD (15). With full volume, only two
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Fig. 1. Schematic diagram of subcellular compartmentalization and handling of calcium in cells. Cytosolic calcium (yellow) is maintained at
homeostasis by PMCA pumps (green). ER calcium is maintained by SERCA pumps (blue). Calbindin (gray) buffers cytosolic calcium. VDCCs (red) allow
voltage-dependent calcium influx into the cytosol which can activate RyRs (white) and trigger CICR from the ER into the cytosol. PMCA pumps and SERCA

pumps then work to re-establish calcium homeostasis.
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Fig. 2. Three models of cytosolic volume in a segment of the axon. Visualization of actual models at resting steady-state. A) Full cytosolic volume (top),
50% cytosolic volume (middle), and 20% cytosolic volume (bottom). B) Close-up of axon in the full cytosolic model in the region of the VDCC and RyR
cluster. Calcium (yellow), PMCA (green), calbindin (gray), SERCA (blue), VDCC (red), and RyR (white).

RyRs open during the calcium transient initiated by the AP (Fig. 7,
red curve), and close with a time constant of about 3 ms.
Interestingly, at 50% volume (Fig. 7, green curve), only two RyRs
open but they remain open for a prolonged period (decay time
constant of about 125 ms) due to strong CICR feedback. At 20%
volume, very strong CICR results in the opening of about seven
channels with a prolonged plateau and a decay time constant of
about 5s. Note that when the RyRs are strongly activated, the
rate of emptying of the ER in Fig. 6 is limited by the rate at which
calcium can diffuse along the narrow ER and reach the cluster of
RyRs. This limit has already been reached in the 50% volume case
when only two channels are open (Fig. 7). Thus opening seven
channels (in the 20% volume case, Fig. 7) cannot increase the
rate of emptying by a significant amount (Fig. 6).

We designed an assay to quantify the sensitivity for triggering
CICRin the three models of cytosolic volume. In our assay, we ad-
justed the number of RyR present in the patch of RyRs on the ER
and measured the number of RyRs necessary to cause a 50% de-
pletion of Ca from the ER when triggered by a single AP. Figure 8
shows that at full cytosolic volume, 50 RyRs are required to give

50% depletion, while 30 RyRs are required at 50% volume, and
only five RyRs are required at 20% cytosolic volume.

We have found a drastic shift in the amplitude and time course
of calcium-dependent dynamics from full volume (Figs. 5-7, 9, red
curves) to 50% volume (Figs. 5-7, 9, green curves) due to volume
shrinkage. This shift resultsin a “toxic” positive feedback mechan-
ism producing prolonged activation of RyR and calcium release
into the cytosol. The excessive calcium release from ER saturates
the calcium buffer capacity of calbindin forcing further accumu-
lation in the cytosol and cellular compartments including mito-
chondria. Excessive calcium accumulation in the cytosol can
damage the mitochondria resulting in metabolic dysfunction in
the cell consistent with the pathology of HD.

The intracellular calcium leak via RyR has been shown to have
animportantrole in HD pathology. The mouse model of HD (Q175)
also shows a leak via the ER resulting in cognitive dysfunctions
and decreased parasympathetic tone associated with cardiac ar-
rhythmias as well as reduced diaphragmatic contractile function-
ing resulting in impaired respiratory function. So leaky RyR has
been reported to have an important role in neuronal, cardiac,
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Fig. 3. Chemical kinetic reaction schemes. The reaction schemes with kinetic rate constants are shown for A) DHPR (L-type VDCCs);

C) PMCA pumps; D) SERCA2b pumps; and E) RyRs. The values of the specified

and diaphragmatic pathophysiology in HD and RyR has been
noted as a potential new therapeutic target. Rycal, a small-
molecule drug (S107) that fixes leaky RyR might be a potential
treatment for these dysfunctions (33). But note that our model
suggests that functionally normal RyRs act as leaky RyRs when
driven too hard by calcium transients as the limit of calbindin buf-
fering capacity is reached. Thus, leaky RyRs might only be an in-
direct cause of dysfunction of calcium handling in HD. The
upregulation of calbindin is another potential drug target.

Discussion

Fluctuation of calcium concentration acts as a signal for multiple
processes in cells in general and especially in neurons. Calcium is
an essential signalingion that plays a crucial role in HD pathology.
Our findings are consistent with many previous studies of HD and
neurodegenerative diseases. Earlier studies also emphasize the

B) Calbindin-D28K,;
rate constants with references are given in Table S1.

importance of calcium dysregulation via L-VDCCs and RyRs and
its role in memory deficits. It is shown that prolonged neuroin-
flammation results in elevation of proinflammatory cytokines
and reactive oxygen species. This can lead to neuronal calcium
homeostasis via L-type VDCCs and RyRs. Such chronic neuroin-
flammation can result in deficits in spatial memory (34).

In addition, studies indicate that neurons containing neurofib-
rillary tangles have an increased cytosolic calcium concentration.
A study from cell lines that are obtained from Alzheimer’s disease
and the normal group shows upregulation of calcium in the dis-
ease state resulting in intracellular calcium overload and abnor-
mal neuronal metabolism resulting in neuronal apoptosis and
memory decline (35, 36). Calcium leak via RyR has an important
role in neuronal death in HD (15) and is correlated with cognitive
dysfunction and decreased parasympathetic tone leading to
cardiac arrhythmias as well as reduced diaphragmatic contractile
function that results in respiratory dysfunction (33). In R6/2
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Fig. 4. AP and activation of VDCCs in the axon. (A) The AP waveform
activates VDCCs (B) allowing an influx of calcium into the cytosol. Note
that at the peak of the AP, all 41 of the VDCCs are open. The net Ca®" ion
flux through 41 VDCCs is ~15,000 ions during the ~1.5 ms duration of
open VDCCs due to the AP.
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Fig. 5. Impact of cell shrinkage on the time course of saturation of
calcium binding to calbindin. At full cytosolic volume (red), the
calcium-binding capacity of calbindin is far from complete saturation. At
50% volume (green), saturation approaches 90% by 80 ms after the AP
triggers CICR. At 20% volume (blue), the calbindin is completely saturated
within 20 ms after the AP triggers CICR.

striatal and cortical neurons, elevated calcium levels and reduced
ER calcium stored have been reported. RyR inhibition has
been shown to be neuroprotective in vivo and improves motor
behavior in YAC128 mice (37). In addition, in aging and in neuro-
degenerative diseases, significant decreases in the neuronal
calcium-binding protein (28-kDa calbindin-D) gene expression

[Calgr response to AP with 50 RyR
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Fig. 6. Dependence of time course of calcium depletion from ER on cell
shrinkage. At full cytosolic volume (red), the [Ca®*]gx is only partially
depleted by CICR triggered by AP with 50 RyR. But when the cytosol is
shrunk to 50% volume (green) and 20% volume (blue), the stronger CICRin
these conditions results in complete depletion of [Ca®*]gg.
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Fig. 7. Dependence of time course of open RyR on cell shrinkage. During
CICR, an AP activates and opens DHPRs (see Fig. 3). If the calcium influx
through the open DHPRs results in a high enough local [Ca®*]cy, then
nearby RyRs can also be activated and opened causing the release of Ca*
from the ER which further elevates the local [Ca?*].,: and a further RyR
activation through a positive feedback mechanism. At full cytosolic
volume (red), CICR results in the activation of just two RyRs which close
with a time constant of about 10 ms. At 50% cytosolic volume (green),
CICR also results in the activation of about two RyRs, but the positive
feedback is stronger due to the restricted cytosolic volume, resulting in
greatly prolonged activation of the RyRs. At 20% cytosolic volume (blue),
the restricted cytosolic volume results in the much greater initial
activation of RyR by CICR and even greater prolongation of RyR opening.
All curves represent the average of 8 simulations.

have been reported (32). Samples obtained from human brain tis-
sue comparing a variety of neurodegenerative diseases with age
and sex-matched control show a significant decrease (60-88%)
in calbindin protein and mRNA in the substantia nigra in
Parkinson’s disease, in corpus striatum in HD, in the nucleus ba-
salis in Alzheimer’s disease and in the hippocampus and the nu-
cleus dorsalis in Parkinson’s, HD and Alzheimer’s disease (32).
Important steps have been made using neuroimaging over the
last four decades that have furthered our understanding of the
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strongly activated, and consequently fewer RyRs are required to empty
calcium from the ER by 50%.
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Fig. 9. Dependence of time course of calcium accumulation in the cytosol
on cell shrinkage. After an AP, an influx of calcium through VDCCs
triggers the activation of RyRs and subsequent CICR from the ER. The
extent of accumulation of the released calcium in the cytosol is strongly
dependent on the cytosolic volume. The three curves correspond to three
volumes: full volume (red), half volume (green), and 20% volume (blue).
The initial rapid decay of the calcium in the full volume case is due to the
high calcium buffering capacity of the calbindin. The initial decay of
calcium at 50% volume is not as rapid as the full volume case due to the
reduced capacity of calbindin in the reduced volume. The plateau in the
20% volume case indicates that the calcium accumulation in the
shrunken cytosol has saturated the calbindin buffer (see Fig. 5).

neural basis of HD. In particular, the demonstration of basal gan-
glia and cortical atrophy by structural brain imaging studies has
provided strong in vivo evidence of cerebral structural changes
in patients with HD (38). Our model indicates that the cell shrink-
age alone can lead to RyR leaking and account for the decreased
ER calcium storage, as well as saturation of calbindin in the cell
and the inability of calbindin to buffer calcium effectively which
further increases free calcium in the cell. In addition, we would
expect that an increase in RyR expression, additional prolonged
neuroinflammation that affect RyR activation, as well as decrease
in calcium buffer calbindin would further amplify the impact of
cell shrinkage.

To our knowledge, this is the first demonstration of how cell at-
rophy can affect important cell signaling at the molecular level
and during the progression of HD. Future biological experiments
can explore this prediction further and help pave the way for pos-
sible drug development for HD and similar neurological disorders.
This study was intended to focus on HD but can also be used as a
platform for other neurodegenerative studies and aging as well.
This is significant since cell atrophy and dysfunction of calcium
handling have been observed in many neurodegenerative dis-
eases. In future studies, we will explore the potential therapeutic
effects of available drugs that act on calbindin concentrations and
calcium metabolism.
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