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Background

L-type calcium channels (LCCs) are macro-molecular complexes that
conduct I, and are involved in several critical functions in cardiac,
skeletal, neuronal, smooth muscle, and endocrine cells. In common
with other ionic channels they can be studied by isolating and
overexpressing in a cell line, and the current through them can be
measured using patch-clamp experiments. However, LCC current
recordings are known to be contaminated with attenuation of current,
known as ‘rundown’. Previous work has shown that increased
accumulation of intracellular calcium is likely associated with
increased rundown.

Methods

We built a mathematical model of I, conducted by LCCs
overexpressed in CHO cells and systematically investigated the
qualitative impact of both user-defined as well as experimental
parameters within the typical patch-clamp setup on I, rundown.

Results

Simulations show that calcium-dependent inactivation (CDI) of LCCs
modestly contributes towards experimentally observed rundown. The
underlying reason for the experimental rundown due to CDI (RCDI)
was found to be the non-instantaneous diffusion and reactions of
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calcium and the calcium-chelating buffer inside the cell. In this study
we show that RCDI occurs when the buffer does not have sufficient
time to diffuse into the cell; both after patching before the LCCs are
activated, and also during the experiment progression. This finding
was validated by showing that rundown due to accumulation of CaZ*
can be reduced by increasing the concentration of the calcium-
chelating buffer in the intracellular solution.

Conclusions

To minimise rundown due to CDI, we suggest optimising independent
experimental parameters such as buffer concentration and the time
scales for diffusion to enable buffer equilibration into the cell.
Additionally, we suggest that use of large cells should be avoided
since they are more prone to RCDI.

Plain language summary

Cardiac electrical activity co-ordinates the heartbeat, and happens as
a result of ion currents flowing in and out of cardiac muscle cells. One
of these currents is known as the “Long-lasting” or “L-type” calcium
current and experimental recordings of this current are particularly
prone to a phenomenon called “rundown” in which the magnitude of
the current reduces over time. In a previous article we presented
experimental findings on rundown in different experimental
conditions. One of the most important experimental factors is the
presence of calcium buffers, which bind with free calcium ions to
reduce their concentration. This is intended to reduce 'knock-on
effects’ associated with high calcium concentrations within the cell,
which could be unwanted or even toxic. One such effect is increased
inactivation of the L-type channels as they are sensitive to the calcium
concentration inside the cell. Here we provide a mathematical
modelling approach to show the importance of buffering in
determining rundown, and how the effects depend upon the size of
the cell, and the amount of time that is allowed for the buffer to
diffuse into the cell before and during the experiments.

Keywords
L-type calcium current, rundown, diffusion, patch-clamp, voltage-
clamp, ionic channels, electrophysiology
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Introduction

The L-type calcium current (I.,), conducted by the L-type calcium channels (LCCs), is responsible for main-
tenance of the ‘plateau phase’ of the cardiac action potential and the initiation of excitation-contraction coupling
in the heart. Brugada and Timothy syndromes are examples of long and short QT disorders occurring congeni-
tally where LCC is mutated'. Given the importance of 1. , modulations in its function that occur congenitally or
via unintended pharmaceutical interactions can expose a patient to increased risk of sudden cardiac death.

The principal proteins forming many ionic channels, including LCCs, can be overexpressed in a candi-
date cell line and the current through them can subsequently be measured using the patch-clamp technique’.
However, patch-clamp recordings of I, —are known to be affected by attenuation of the current magnitude
with time, known as rundown. Several reasons for rundown have been proposed, including time-dependent
phenomena such as loss of phosphorylating agents (e.g. ATP) or loss of LCCs from the membrane®*. Some
works have also indicated that calcium accumulation inside the cell contributes towards rundown of I >°. Pre-
vious work from our group has also shown that I, rundown is stronger at experimental conditions that are
expected to promote the accumulation of calcium inside the cells, thus suggesting that calcium-dependent inacti-
vation (CDI) is at least in part responsible for rundown’. These rundown promoting conditions included: high
frequency of the voltage steps at which LCCs open; block of the sodium-calcium exchanger — preventing
extrusion of sub-membrane calcium; and higher temperature resulting in larger 1. influx. We also showed that
the rundown-versus-time curve took one of three predominant qualitative shapes including linear, saturating, and
‘inverse’ patterns. Figure | shows an example of the rundown of I, | recorded from the previous study.

In this study, we developed a mechanistic reaction-diffusion model to simulate calcium-dependent inactivation
(CDI) and qualitatively reproduce experimentally observed rundown patterns of 1., in CHO cells overexpress-
ing Ca,1.2 observed in previous work’. Modelled on an automated (planar patch)-clamp chip, we assume
the cells form an approximately hemispherical shape (Figure 2). Prior to the application of a voltage-clamp
protocol, intracellular calcium-chelating buffer BAPTA (denoted ‘B’) diffused throughout the cell over a duration
‘t,; (Figure 2 (left)). This time period is no larger than the time between cells being added to the plate
and initiation of the voltage clamp protocol, which is identical across a whole 384-well plate, but can be shorter
in a cell-specific way (see Methods for further details). The voltage-clamp protocol included repeated steps to
OmV (with time f,  between successive sweeps) which induces LCC opening, introduces Ca** into the cell,
and triggers CDI. Incoming Ca’ reacts with free buffer, forming ‘CaB’ and creating a radial concentration
gradient (Figure 2, centre). The model considered chemical reaction and diffusion of Ca*, B and CaB due
to I, (Figure 2, right) and the resulting impact on CDI, and how CDI changes for successive voltage-steps
(rundown due to CDI, termed ‘RCDI’). We used the model to explore the influence of specific parameters
on RCDI: 1) experimental parameters which are difficult to control or measure precisely (channel permeability
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Figure 1. Illustration of rundown of L-type calcium current (I_,) from previous patch-clamp experiments’.
Left: I, recorded at successive channel opening steps overlaid with first and last step to OmV shown in indigo and
yellow recordings respectively. Inset: voltage-clamp protocol during which currentis recorded, interspersed by a holding
potential at —90mV for 10 s. Centre: peak I, recorded at different times on the left axis, and rundown at each sweep
on the right axis. Right: examples of three common types of rundown-versus-time curves observed experimentally.
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Figure 2. Schematic depicting the sequence of events described in text. Left: Cell placed on a seal chip before
the voltage-clamp is applied and after buffer (B) has equilibrated into the cell. Centre: Ca?* enters the cell via the LCCs
and reacts with B to form CaB, creating a concentration gradient for all three chemical species. Right: Ca?*, B, and CaB
have diffused into the cell according to the concentration gradient, and a pseudo-steady-state profile over time can
be set up (periodic as the voltage clamp causes periodic Ca% influx), but it is not spatially homogenous due to the
boundary conditions — there is more calcium near the membrane and more buffer near the patch hole.

(f’Ca), cell size (R), t); and 2) user-defined parameters (¢, and maximum B concentration (B _ )). Both
experimental and user-defined parameters were estimated or set to match the expected experimental conditions

in Agrawal et al.’.

We will use the model to establish qualitative trends of rundown and show that RCDI occurs when there is a
change across sweeps in the availability of the calciumchelating buffer near the LCCs. This creates an accumula-
tion or depletion in sub-membrane calcium concentration, [Ca*], per sweep leading to saturating or inverse
patterns of the rundown-versus-time curve, thus explaining two of the three patterns observed previously.
We find that within the range of the experimental variables in Agrawal et al.’, noticeable RCDI only occurs
for large cells and not for the average-sized cell, suggesting that CDI only plays a modest role in contributing
towards total rundown observed experimentally. We then use the model to establish that RCDI can be
determined by the interplay of three different time constants that affect [B] inside the cell — ¢, ¢, . and Ly
(a function of R, indicating the time required for B to diffuse across the cell). The role of buffer dynamics in
causing RCDI is further confirmed by showing that increasing B reduces run-down. The study shows that
RCDI can be minimised by working with smaller cells because they allow buffer to better equilibrate within the
cell both before and during a voltage-clamp experiment.

Methods

Data availability

The results presented in this study were generated using Python version 3.10.11 and all data, code, and
supporting material are available at https:/github.com/CardiacModelling/L-type-Ca-rundown-modelling. A
permanently archived version is available on Zenodo at https://doi.org/10.5281/zenodo.14186292.

Some extended plots and data that support this study but are not essential to comprehend the results can be
viewed at https://github.com/CardiacModelling/L-type-Ca-rundown-modelling/blob/main/ExtendedData.ipynb.

Reaction-diffusion model formulation
Ca™ is brought into the cell by I, , which initiates a cascade of events involving diffusion and chemical reaction
as shown in Figure 2. In this section, we describe the equations that account for these processes.

The chemical reaction of calcium and the free buffer is considered to be a mass-action reaction, qualitatively
illustrated by:

kon

[Ca®"]+[B] [CaBl, (1)

off

where CaB is the calcium-buffer complex, and k and k - are the rates of forward and backward reactions
respectively. Note that BAPTA actually binds two calcium ions in separate reactions, but we use Equation (1)
for simplicity here as this feature is not expected to alter the trends we are investigating. The three chemical
species (Ca*, B, and CaB) simultaneously diffuse according to their chemical gradient as well as reacting as per
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Equation (1). By accounting for both the diffusion and the mass-action reaction of these chemical species, the rate
of change of each species can be written using a partial differential equation (PDE) in spherical polar coordinates
as:

diffusion

—_——t
I[B]_Dy 9 ( 2dIB]
gt Far" or

(2)
chemical reaction
~ (kyy -[Ca*][B] ~ k,; [CaB)),
J[Ca™]_ Dy 9 [ 2 1Ca*]
at B I‘z 8}’ (9}" (3)
= (kyy "[Ca®*][B] ~ gy -[CaB]),
Jd[CaB] Dy o 2 J[CaB]
ot 1 or or @

+ (kon ! [Ca2+][B] - koff . [CaB]).

Here, D, and D, are the diffusion coefficients of calcium and buffer respectively. The diffusion coefficient
of the CaB complex was assumed to be the same as that of the buffer because of the much higher molecular
weight of the buffer (BAPTA, ~760 Da) compared to Ca®* (~40 Da). We work with time relative to the
beginning of the voltage clamp application, such that # = 0 is at the end of the time period ¢,. The initial and
boundary conditions at r = R and r = R, for each of these chemical quantities are then given as:

r=Ry [Bl=Bua,  [Ca**]=0, [CaB]=0;

JBl_, JCa*™]_ -1 9[CaB] S
r=Ry, Jr dr  2FAD.,  Jr Q)
t=0, [Bl=f(r), [Ca*™]=0, [CaB]=0;

Here, A is the surface area of the cell and F is Faraday’s constant. The initial condition for the buffer is a func-
tion of both the radial distance from the centre (r) and the time the buffer has to diffuse into the cell before the
LCCs open (z,). This is given by f (r, 7,) and can be easily calculated for each r given R and ¢, using the analyti-
cal solution for diffusion of buffer in this geometry given by Agrawal et al.®. As t, — oo, B approaches spatial
uniformity (B throughout) at # = 0, in which case CaB would simply follow [CaB] = B, - [B] rather than its
own PDE. However, in practice, complete equilibration of the free buffer into the cell only occurs for small
cells. The equations governing I, —are given in the next section and are a function of membrane voltage (V ),
local [Ca**] near the LCCs ([Ca™] ), and time.

Model of the L-type calcium current
Although a small amount of other ions can move through LCCs, 1., is primarily carried by Ca**:

~ ICa

Lea = Icar = Fey Ok - 05 (6)

where, O is the open probability of a single channel and P, is the maximum permeability which is a func-
tion of the channel density in a membrane. J, is the electrochemical force driving the ionic movement,
which is calculated using the GHK flux equation:

, 2p2 ( VinlCals = You[Cal gy exp(—2V,, F / R, T)

" R,T | 1—exp(~zV,, F / R, T) ’ Q)

K

Snk =

where z is the valance of Ca®, V is the membrane voltage, T is the temperature, R, is the universal gas
constant, [Ca] is the extracellular concentration, [Ca] is the submembrane concentration, the activity
coefficient y accounts for the deviation of the ionic species from ideal behaviour in the intracellular and
extracellular solutions'’.
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For simplicity, in this study, we adopted O from the I, model proposed by Zeng et al.'' because it uses an
instantaneous gate given by Hill’s equation to describe the CDI kinetics of LCCs (gate f. ). We expect the
results of this study to be unaffected by the choice of this gate because CDI is a fast process, occurring over
20 to 100 ms compared to tens, or even hundreds of seconds required for diffusion'>'*. The overall kinetics is
given by simple gating (see Type C1 in Agrawal et al.”) in which the voltage-dependent kinetics are the product
of two Hodgkin-Huxley style gating variables' representing activation (gate d) and inactivation (gate f). Therefore,
the overall gating structure of the model is O =d - f- f,, , where:

dd _d.-d df f.-f fo= 1

—= y o= s Jea T T 2 . 8

i 7, oA q, @14 [Ca’ ],/ Kyegy ®)
Here, d , f, -, » and 7, are functions of vV, and K is the [Ca2+]s at which the Jea becomes half. The original

parameters of the model by Zeng et al.'' were retained except for the activity coefficients which were modified to
be computed using the Davies equation'®.

For the sake of simplicity, I, was considered as the only source of Ca® inside the cell and contribution by
other currents such as leak current (due to imperfect seal) was ignored.

Voltage-clamp protocol

Ca™ enters the cell via I, thus initiating its chemical reaction with B and diffusion towards the centre of the
cell. I, opens and conducts current in response to the changes in the membrane voltage (V,), which is clamped
according to a voltage-clamp protocol.

In this study, the protocol consists of a holding potential of —90 mV with repeated pulses to OmV for 120 ms
interspersed with a holding potential for a duration set to either 10, 20, or 40 s (7, ) as shown in Figure 3. The
step to OmV was chosen because the LCCs are known to open and conduct I at this voltage’.

Experimental range and default values
In this section, we explain how the parameters for the model were determined from the experimental design
and results of the previous patch-clamp experiment.

In this study, independent model parameters are either user-defined or determined through the experimen-
tal setup. For instance, the parameter 7, , has three distinct values, as detailed in the previous section. B is

assigned a value of 10mM to align with the BAPTA concentration used in patch-clamp experiments. Addition-
ally, the inner boundary radius (R)) is derived by projecting the surface area of a patch hole with radius 1uym onto

a hemisphere, resulting in R, being 1\2 um (see Figure 2). This projection ensures that the planar patch surface

0 -
_20 -
z
~ _40 -
(0]
()]
s
L 60
7
-100 . : . .

I 1 I
0 25 50 75 100 125 150
Time (ms)

Figure 3. Voltage-clamp protocol used in the study with a holding potential duration of t,  between two

hold
sweeps. t, was set to 10, 20, or 40 s depending upon the experiment.
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area remains consistent with the hypothesised spherical surface area, allowing for accurate modelling of
molecular interactions and local concentrations.

On the other hand, experimental parameters are difficult to control and are expected to vary from cell to cell.
These include the channel permeability (B,), cell size (R, and time allowed for diffusion prior to the clamp
being applied (z)). Note that although experimenters can set the maximum and minimum possible value of 7, the
exact value cannot be controlled. We used the model to determine how variations in these three variables
influence RCDI. We determine their range from our previous patch-clamp experiments as explained below.

Channel permeability (P ): The peak I, value during a step to OmV varied from —-490.7 pA to —4444.4 pA
in our experiments (see the online extended data). At the same time, for the I. model defined in “Model

CalL
of the L-type calcium current”, the peak value of the quantity (O x J,,) during the step to OmV was found

to be —99917.3 C/m® (also shown in online extended data). Therefore, 17& was varied from 0.005 nL/s to
0.0444 nL/s (17@ =I/(0 x J_..)), and we used a default value of 0.04 nL/s for simulations in this study unless

mentioned otherwise.

GHK-

Cell size (Ro): The size of the cells used for the patch-clamp experiments was not measured individually for
each cell. Therefore, we estimated the cell’s radius R, by extrapolating the capacitive recordings and the micro-
scopic measurement of the cell size made before the cells were cloned with Ca,1.2. Using this method, R, was
found to vary from 2.5 um to 30 um for the experiments performed previously. Refer to the supplementary online
data for a comprehensive breakdown detailing the methodology employed in this estimation.

Time given to the buffer to equilibrate into the cell (¢): Some cells can rupture spontaneously to form whole-
cell configuration thus allowing the intracellular solution to enter into the cell as soon as they are put on a chip
plate'’, while most others only do so when suction is applied to the cells. In our previous experiments, the time
between placing cells on the plate and the onset of experiments was 5 minutes, while the time between the
application of suction and the onset of experiments was 5 seconds.

In this study we also show that RCDI is governed by three time constants — 7, ¢, . and Lig where ¢ i is a func-
tion of R, indicating the time the buffer will take for complete equilibration into the cell. To determine the
range of 7, we used an analytical solution for the diffusion of buffer in this geometry and configuration in
the absence of Ca*’. The analytical solution was used to calculate the ¢ i required to achieve near-complete
equilibration (~99.9% of the maximum buffer concentration in the cell surface) and was found to be well

approximated by a cubic function of R, (see online extended data):

— 3 2

Ligg = 0.0163R; —0.019R; +0.008R, - 0.016. )
This equation was used to determine the range of 7, which was found to vary from 144 ms to 423 s, corre-
sponding to R varying from 2.5 pym to 30 um, respectively. The permissible values of the timescales as per the
experimental setup are depicted on a number line shown in Figure 4. The values of all parameters used for the
model are given in Table 1.

Simulation of the model
Having established all the elements that comprise the RCDI model in the sections above, here we describe the
numerical methods used for simulations.

Equation (2)-Equation (4) were discretised by adopting the finite volume method' and dividing the hemispheri-
cal cell of radius R into N shells as shown in Figure 5. The diffusion terms were then written as a difference in
flux using Fick’s first law of diffusion; this reduced the equations from second-order PDEs to a set of first-order

taifr thord to

0s 5s 10s 40s 282's 300s

Figure 4. The range of values possible for 1) time required for equilibration of the free buffer into the cell
(t ). 2) initial time before the experimental voltage clamp and recordings begin (t,), and 3) time between
successive voltage pulses (t, ). While tdlﬁand t, can take continuous values, t, , can only take discrete value € {10,
20, 40} s.
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Table 1. Parameters used as input for the
model to predict RCDI. Parameters for which the
exact value may vary across a range, the default
value used is listed while the range is shown in

brackets.

Parameter

k;at 310 [K]
k  at310 [K]

Value

5x1041°
2.78x10°"

0.9 x10°mM
4x10° cm?/ms?%?!
2x10° cm?/ms*
0.298 ms'#
1700 MM "ms"#

B,.. 10 mM
1

Rh ﬁ pm

R

=

30 ym (2 pm, 40.6 pm)

t 1805 (55,3005)
P, 0.04 nl/s (0.005 nL/s, 0.046 nL/s)
R, (i=0)
o“”:u" “..------"'"'"""""-..-.,. i o, VO
* . * .,

SPPTLTLLLELEL LT NS LN
"
LN
.
.

%
ANAN-iN

R, (i=N)

Figure 5. Schematic showing discretisation of the hemispherical cell into N shells.

ODE:s. The chemical species within each discretised shell (i = 1 to N — 1) were computed simultaneously using a
system of equations of the form:

flux across outer boundary

dix) _ A0 —X])

e K LV,

flux across inner boundary

-D Ai+1([X][ _[X]H.]) (10)
o

1

chemical reaction

£ (ko -[Ca® Y[ B); ~ k- [CaBly),
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2
where X represents the chemical species: Ca**, B, or CaB. Here, L = (R, = R)/N, V, = 57[((Ro —-i- Ly -
(R, — (i + 1) - L)’), and A, was calculated at each boundary as 2z(R, — i - L)>. At the i = 0 boundary (in the

outermost shell), there is no flux for [B] and [CaB], however, there is a voltage- and time-dependent flux of
[Ca*] given by —I_ /A2FV,). The constant values of the species at the inner shell boundary ([X],) along with the
initial conditions are outlined in Equation (5) at r = R, and 7 = 0 respectively.

The above system of discretised equations was simulated using Myokit version 1.35.3%, which incorporates the
adaptive-timestep CVODES as the ODE solver, and both absolute and relative tolerances were set to 10~°. The
system was discretised such that the shell width (L) was =0.05 um (see online extended data for convergence tests
that show that the shell width should be =0.05 um or lower to ensure negligible error in the simulations). For the
largest possible cell with a radius of 30 um, N should be at least 572, to ensure L =0.05 um.

The RCDI shown in Figure 6 (bottom right) was simulated at R, = 30 um, ¢z, = 180 s, and 7, , = 10 s. On applying
the voltage protocol, Ca* enters the cell via I . Although this Ca* is subject to diffusion and buffering
as previously explained, some amount of calcium accumulates with time in the outermost shell (near the
LCCs) in subsequent sweeps as shown in Figure 6 (top left). The increase in [Ca®] per sweep relative to
the first sweep is responsible for the decrease in the magnitude of the CDI gate of 1., f, in each sweep
(Figure 6, top right). This in turn attenuates the magnitude of the source of Ca* itself — I, ~(Figure 6,
bottom left), thus leading to RCDI of the current. The peak I, at each sweep is plotted in Figure 6
(bottom right), and is used to calculate rundown at any sweep i using peak I. during the sweep (|IlCaL|max)
relative to the same quantity in sweep 1: R, = 1-|I{y; lmax/ [Tr lmax- The resultant rundown in this instance
shows a saturating shape of the rundown-versus-time curve. The model was used to explore the qualitative impact

of different experimental variables on RCDI.
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Figure 6. Top left: Simulation of the local [Ca?] in the outermost shell (near the LCCs), Top right: Simulation
of the CDI gate (f_,), and Bottom left: Simulation of I_ during the V_ step to 0 mV for successive sweeps with
indigo and yellow corresponding to the first and last sweep respectively. Bottom right: Peak I simulated at
each sweep against the sweep number. Simulation was done at R, = 30 um, t, = 180 s, and default values of t, , P,
and B__ givenin Table 1.
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Results

Impact of experimental variables on RCDI

In this section, we show how variations in the experimental parameters — current permeability (P.), cell’s
radius (R), and diffusion interval before the application of the voltage-clamp (7)) affect the concentration of
free calcium and buffer near the LCCs. Change in P, is expected to drive CDI due to changes in the Ca**
brought into the cell by I, . For cells with the same P, but different sizes, those of the larger size are expected
to undergo less CDI because of decrease in LCC density. Similarly, an increase in , is expected to reduce CDI
due to an increase in the availability of free buffer, which can interact with the available Ca*".

Here each experimental variable was individually set to its extreme permissible value resulting in eight unique
parameter sets for the model (2%), representative of eight different cells. The model for each scenario was then
simulated to the voltage as per the protocol described in ‘voltage-clamp protocol’ (with ¢, =10 's).

Figure 7 shows the simulation of [Caz*]s and free buffer in the outermost shell ([B]) for each of the eight ‘model’
cells. Within each plot, the submembrane Ca®*/B concentration transients simulated during the channel opening
steps of successive sweeps are plotted next to each other. The change in magnitude of the peak Ca*/B per
sweep is indicative of RCDI, and the rate of change of RCDI forms the shape of the rundown-versus-time curve.

Figure 7 shows that change in the magnitude of peak Ca®/B across sweeps reflective of RCDI only occurs
for large cells (see the bottom two rows of Figure 7). Even though an increase in cell size leads to a decrease
in CDI (compare subplots A with E and C with G), the smallest cell does not undergo RCDI, while the
largest cell does. This can be explained by the lack of complete buffer replenishment in the bigger cells over the
course of the experiment as they require more time for equilibration of buffer into the cell (¢ dl:ff) than smaller cells.

For large cells in which RCDI occurs, change in P, impacts the extent of RCDI. Comparison of subplot
G with H shows an increase in CDI (evident from the higher [Ca®]), as well as an increase in RCDI (evident
from the greater percentage increase in [Ca®] in subplot H compared to G). This is further illustrated
by the simulations shown in Figure 8 (at default R, and 7)), where there is an increase in the magnitude of
RCDI for higher P, values—both saturating and inverse.

Similarly, for large cells in which RCDI occurs, change in 7, impacts the shape of RCDI against time.
Figure 7E and F show that when 7, is small, [B] increases many fold over the course of the experiment,
regardless of the LCC current density. Peak [Ca*] correspondingly decreases per sweep, as incoming Ca®
immediately reacts with the buffer through time, before saturating when the buffer concentration is high
enough. This would translate to less CDI per sweep and increased LCC currents — an inverse RCDI against time
(see the online supplement at https://github.com/CardiacModelling/L-type-Ca-rundown-modelling/blob/main/Extend-
edData.ipynb).

On the other hand, in Figure 7G and H we see that when ¢, is large, the additional time before the experi-
ment allows the free buffer to equilibrate into the cell before the voltage-clamp is applied, thus reducing CDI
for the first sweep compared to a similar cell with smaller 7. Peak [Ca™] increases per sweep before saturating
which would translate to increasing CDI per sweep, lower I, , and more RCDI over time which eventually
stabilises — saturating rundown against time (See the online supplement at https://github.com/CardiacMod-
elling/L-type-Ca-rundown-modelling/blob/main/ExtendedData.ipynb).  The —accumulation of [B]  increases
per sweep here as well for smaller ¢,, but the proportion of increase is much smaller, and the rate of reaction
of calcium with buffer is limiting and it allows [Ca*]_to build up over time.

In this section, we showed that the cell size determines whether RCDI will occur or not, 17&1 affects the extent of
RCDI, and 7, influences the shape of the rundown-versus-time curve. Further, of the three types of rundown
patterns identified in the previous study, two of them—saturating and inverse patterns—were found to be
explained by the change in CDI predicted by the model of this study.

Impact of inter-pulse diffusion time on RCDI

In the previous section, we observed that the lack of complete buffer equilibration into the cell gives rise to RCDI.
In this section, we additionally investigate how the time give to the buffer to diffuse in berween each sweep
affects RCDI. This was done by repeating identical simulations at three different z, , (10, 20, and 40 s).
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Figure 7. The effect of different experimental parameter extremes on submembrane calcium and free
buffer concentrations. Concentrations are plotted from simulation results in the outermost shell (near the LCCs)
during the channel opening steps to 0 mV, and are plotted successively with alternating grey backgrounds highlighting
alternating sweeps. These simulations were performed for eight unique conditions spanning over the corner cases of

P t,and R, whilet,  and B__ were kept at default values as shown in Table 1.

At each 7, . the model was simulated as per the protocol for 20 sweeps at ten different values of
f, varying from 10 s to 300 s, while P, and R, were kept at default values. The resultant rundown

simulated is shown in Figure 9, for ¢, equal to 10 s (left), 20 s (centre), and 40 s (right).
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Figure 8. Simulation of rundown for the largest possible cells (R, = 30 ym) with different I3ca per cell varied
across its permissible range at the minimum ¢, (Left) and maximum ¢, (Right). B__ and t,  were kept at default
values shown in Table 1.
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Figure 9. Rundown for the largest possible cells (R, = 30 ym), with each cell at different t,and t,  of 10 s
(Left), 20 s (Centre), and 40 s (Right). /., and B___were kept at default values.

All three subplots show that at very small 7, the rundown-versus-time pattern is ‘inverse’, while at bigger
t, this trend becomes saturating. This is consistent with the observation of change in pattern of RCDI from
inverse to saturating rundown on increasing 7, in Figure 7 (E to G and F to H). Figure 9 shows a decrease in the
number of saturating RCDI trends with increasing 7, , as well as an increase in the number of inverse RCDI
trends. The longer time between each sweep allows more buffer to be replenished than at smaller ¢ . thus

hold”
explaining the change in trend.

In this section, we showed that for large cells in which RCDI occurs, ¢

o and 7, together determine the
shape of the rundown-versus-time curve — inverse or saturating.
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Time constants relationship governing RCDI

In this section, we show that whether RCDI will form a saturating or an inverse pattern with time can be pre-
dicted based on the values taken up by three time constants — ¢ i > Lo O Ly The shape of the rundown pattern
depends on a complex interaction of the three time scales given by ¢, which was determined heuristically to be:
2

X

PR an
Laifrthola

If { is greater than 1.5, then the resulting rundown pattern is predicted to be saturating while if it is less

than 1.5, then it is predicted to be inverse. Between 1.5 and 4.5, the pattern can be either inverse (P = 20%) or

saturating (P = 0%) as shown in the online extended data.

The predictive capabilities of { are illustrated in Figure 10, wherein we independently simulated and plot-
ted RCDI for three distinct scenarios. In the first scenario, ¢ i Tepresents the smallest time constant (left), in
the second scenario, 7, is the smallest time constant (centre), and in the third scenario, ¢, ,, is the smallest.
For each scenario, ten examples are presented, and model parameters are chosen by randomly selecting time
constants from their permissible range, as depicted on the number line in Figure 4, while B, and I3Cu are maintained
at their default values. The resulting rundown per draw was simulated across twenty sweeps for ten draws per

scenario.

Further, Figure 10 (left) confirms the absence of RCDI in very small cells since it shows minimal rundown when
Ly is the smallest time constant, aligning with the characteristics observed in the first two rows of Figure 7.
Additionally, when , is the smallest constant, then { < 1, which should almost always lead to an inverse RCDI.
This is also confirmed by the centre panel of Figure 10. ¢ is most useful to predict the RCDI pat-
tern when ¢, is the smallest time constant, where it accurately predicts the outcome with 99.8% accuracy
(see the online data for details).

In this section, we showed that the relationship amongst the timescales determines whether RCDI occurs,
and if applicable, the shape of that rundown against time using {. The relationship represented by ¢ was validated
by our model.

Impact of maximum buffer concentration on rundown

So far we have seen that RCDI can be attributed to the change in the availability of the buffer near the LCCs per
sweep. We have shown that within the experimental setup we previously adopted in Agrawal et al.’, large cells
are susceptible to RCDI because the buffer does not fully equilibrate into these cells due to limits of 7, and 7, .
In this section, we validate the role of buffer supply (diffusion) in RCDI, by exploring the impact of

hypothetical experimental setups at different B, on RCDL
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Figure 10. Rundown simulated for cells where R, t,, and t,  are determined by the random draw of the time
constants from the number line shown in Figure 4. The random draw is performed ten times each such that the
minimum time constant is ¢ . (Left), t, (Centre), and ¢, (Right). B, and B__ are kept at default values given in Table 1
and the value of {is given by Equation 11.
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We know that higher accumulation of Ca* per sweep will lead to more usage of buffer. By reducing the
maximum available buffer (B, ), the accumulation of Ca® increases, which in turn increases the usage of
buffer per sweep. Previous observations indicated that, within our established experimental conditions, large
cells exhibited maximum signs of RCDL. We hypothesise that modifying B~ might alter this behaviour,
providing a fresh perspective on ways to minimise RCDI in experiments.

To test this hypothesis, we explored conditions at which RCDI can be minimised in the largest possible cell
(R, = 30 um). We chose time constants that allow for maximum equilibration of buffer into the cell such as
t,=300 s and 7, , = 10 s. Figure 11 (left) shows the current simulated in the first sweep at different B_  while
the right panel shows the corresponding RCDI. The simulation at the default B, = 10 mM is highlighted in red.
This figure shows that CDI decreases with an increase in B, while RCDI decreases switching from a

saturating to an inverse trend.

Figure 12 extends this analysis to smaller cells (R, = 10, 15, and 20 um), emphasising that considerable saturat-
ing rundown can be induced in smaller cells at reduced B . While the simulation at the default B = 10mM
(red plot in Figure 12, right) yielded negligible RCDI, a decrease in B results in a substantial increase in
the rundown, deteriorating to as much as 60% of the initial current. While this figure shows that RCDI can
be induced for smaller cells by changing B, it also shows that smaller cells remain less susceptible to RCDI
as the affect of change in B__ is higher on larger cells (right panel), than on smaller cells (left panel).

This section shows that changes in B have an impact on RCDI for cells of all sizes, while larger cells never-
theless continue to show a more pronounced RCDI than smaller cells. This finding is aligned with the emergent
conclusion from the previous results that buffer dynamics plays a crucial role in influencing RCDL

Discussion

Current recordings of patch-clamp experiments from isolated L-type calcium channels (LCCs) are known to
be contaminated with rundown. Previous studies have attributed this phenomenon to various factors, including
washing away of phosphorylating agents (e.g. ATP), loss of LCC channels over time, and increased accu-
mulation of intracellular Ca***°. Our prior experimental work’ associated increased rundown with the accu-
mulation of intracellular [Ca’*] and, by extension, calcium-dependent inactivation (CDI). This earlier study
showed that while the quantitative rundown of I ~varies from cell to cell, qualitatively, this rundown takes
three predominant shapes against time — linear, saturating, and inverse (where I, ’s magnitude increases
rather than decreases with time). In this study, we extend our understanding by employing a model
that replicates experimental conditions of patch-clamp experiments adopted previously’. By simulating
Ca?* entry, its chemical reaction with buffer B to form the complex CaB, and subsequent diffusion, we aim to
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Figure 11. Left: Current simulated in the first sweep for cell with R, =30 pm, t,=300s, t, , =10 s and ten

* “hold
distinct B__ . Right: Corresponding rundown simulated for each B__ . Simulations at B__ =10 mM are highlighted in
red.
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Figure 12. Rundown simulated at R, = 10 ym (left), 15 ym (centre), and 20 ym (right). Simulations were

performed att,=300s,¢t, ,=10sandtendistinct B __ .

determine if rundown due to CDI (RCDI) can qualitatively explain the observed experimental rundown patterns.
Additionally, we use the model to determine the impact of choice of user-defined (¢, , and B _ ) and
experimental parameters (f’Ca, R, and 7)) on RCDI.

Our model successfully reproduced two qualitative rundown patterns, namely “saturating” and “inverse”, mirroring
experimental observations. Notably, the “linear” rundown shape remained elusive in our simulations,
suggesting that RCDI dominantly contributes to ‘“‘saturating” and “inverse” patterns only. RCDI’s development
was found to be governed by the restrictions in the supply of buffer near the LCCs both before and during
voltage opening steps. Figure 7 demonstrates that RCDI primarily affects large cells under our base experi-
mental conditions” (B, = 10 mM), but not the smaller cells. Further, for large enough cells in which RCDI
occurs, increase in incoming Ca* was found to be associated with increased RCDI (Figure 8), in agreement
with findings from Agrawal et al.” that conditions which promote higher accumulation of Ca?* will have more
rundown. Since noticeable RCDI only occurs for large cells (R, > 20um) and not for the average-sized CHO
cell transfected with Ca 1.2 (R, = 10um), RCDI is likely not a major factor contributing towards rundown.
Indeed, our previous study showed that experimental conditions that promote accumulation of Ca** only account
for 40% of rundown’.

The study highlights the significant impact of buffer dynamics on RCDI. RCDI was observed to be influ-
enced by constraints in the supply of buffer near the LCCs, both before and during voltage opening steps. This
is further confirmed by changes in B affecting RCDI for cells of all sizes. The decrease in B correlates with
increased accumulation of Ca* per sweep, leading to enhanced saturating rundown. Conversely, very high B_
leads to inverse pattern of RCDI, not driven by small 7 like in Figure 7 and Figure 9, rather because the
reduction in requirement of buffer per sweep allows a net reduction in accumulation of Ca?*.

In this study, we accounted for the variations in ‘real-world’ experimental conditions such as t,, R, and 13Ca
which are challenging to standardise across all experiments. Unsurprisingly, variations in these input variables
resulted in variations in the predicted RCDI as well. In view of this variability, it is important to consider that
cell-to-cell variability in recorded current or extrinsic variability”, may also be rooted in variability in the
individual cell’s experimental conditions and not just morphological differences.

This study is the first, to our knowledge, to model rundown due to CDI (RCDI). In future investigations,
measuring rundown in these cells should include an assessment of cell size to facilitate the development
of cell-specific models for RCDI. This approach can enable the quantitative evaluation of CDI’s contribution
to rundown, extending beyond the qualitative analysis conducted in this study.
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In terms of experimental design and takeaways, future studies should allow sufficient time for buffer diffu-
sion into the cell by extending the interval between ‘application of suction’ and voltage clamping to 5 minutes,
thus increasing 7, Additionally, efforts should be made to maintain a high replenishment time between sweeps
(high 7, ), although this may be challenging due to experiment duration constraints. While completely
eliminating RCDI is challenging due to the transient nature of the rundown-versus-time pattern (switching
from saturating to inverse with increased buffer availability, as shown in Figure 11-Figure 12), the use of small

cells and high B_can contribute to reducing RCDIL.

Conclusions

Our computational model successfully replicated experimental conditions, providing insights into run-
down of L-type calcium current (I, ). Rundown due to CDI (RCDI) qualitatively explained the saturating
and inverse rundown patterns observed in large cells. The underlying mechanism of RCDI was found to be
the buffer kinetics near the LCCs, determined by user-defined experimental conditions such as the equilibra-
tion time of buffer before () and during voltage-clamping (z, ,), and the buffer concentration in the intracellular
solution (B_ ). Current permeability was also found to influence this dynamics, but it is challenging to control
or screen out. This study highlights the importance of considering cell-specific conditions in data interpreta-
tion. Future work should optimise the time allowed for buffer to equilibrate before the recordings begin (z,)
and the inter-pulse interval in the voltage clamp protocol (¢, ) to facilitate buffer equilibration into the cell. The

hold-
use of small cells and high B___can further mitigate rundown contamination of I, recordings.

max
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