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Abstract

Diseases associated with sympathetic hyperactivity
need improved treatments that target and account for the
sympathetic nervous system. We have developed a com-
putational model of the postganglionic sympathetic neu-
ron (SN) that can simulate drug effects that reduce sym-
pathetic hyperactivity, allowing high-efficiency analysis of
potential drug treatments that can be further investigated
experimentally. This computational model was calibrated
to patch-clamp data from the spontaneous hypertensive rat
(SHR).

We validated the simulated response to changes in in-
put current, and M-type potassium channel up-regulation
to demonstrate the accurate response to drug effects. We
accurately predicted firing frequency, and membrane po-
tential features for all experiments. The model can now be
used for investigating drug effects and - once it has been
coupled with cardiac electrophysiology (EP) models - will
improve cardiac in silico trials to account for sympathetic
activity.

The model predicts norepinephrine (NE) release at the
neuro-cardiac junction, making it suitable to be coupled to
cardiomyocyte models for predicting cardiac EP response
to treatments of dysautonomia in rare diseases such as
Catecholaminergic Polymorphic Ventricular Tachycardia
(CPVT).

1. Introduction

Sympathetic hyperactivity occurs in diseases such as
CPVT, which has a poor prognosis, with approximately
40% of patients dying within 10 years of diagnosis. Cur-
rently, a common treatment for CPVT are beta-blockers.
However, they can be ineffective during high sympathetic
activity (e.g. exercise), when delayed after depolarizations

and sudden cardiac death can occur [1]. Therefore, im-
proved treatments that target and account for the sympa-
thetic nervous system are required.

Research on rare diseases, such as CPVT, often has in-
sufficient capital investment required to screen new drugs
for treatment improvements. Computational modelling
and in silico trials are a path forward that could signifi-
cantly reduce costs and times for developing new drugs,
by accurately predicting effects prior to clinical trials. The
current research on computational approaches for testing
drug response, assessing arrhythmia risk, and performing
cardiac in silico trials [2] fail to account for sympathetic
innervation, meaning that accurate drug predictions can
not yet be implemented for pathologies associated with
dysautonomia. Therefore, an accurate model of the SN
and neuro-cardiac junction is required to make computa-
tional cardiac EP predictions applicable. Belluzi et al. [3]
developed a model of the SN with three K+ channels, one
Na+ channel, and one Ca2+ channel. Tao et al. morphed
this model into a sympathetic varicosity model to calcu-
late NE release for coupling with a sino-atrial node cell
[4]. However, they focused mostly on the coupling and the
sino-atrial node model, without improving the SN model.
We have developed a more physiologically accurate model
of the postganglionic SN that includes soma, axon, vari-
cosity, and endoplasmic reticulum, as well as Na+, K+,
and Ca+ dynamics handling and validated it for M-type
channel upregulation prediction with patch-clamp data.

2. Methods

2.1. Computational Model

A SN model was developed with multiple compart-
ments: soma, axon, varicosity, endoplasmic reticulum, and
local intracellular regions for Ca2+, as in Figure 1.
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Figure 1. Sympathetic neuron schematic. IBK , big cal-
cium dependant K+ current; ICaL

, L type Ca2+ current;
INaCa, Na+-Ca2+ exchanger; Ileak background Na+ and
K+ currents; ISK , slow calcium dependant K+ current;
IA, fast K+ current; IM , M-type K+ current; INaK , Na+-
K+ pump; INaV

, total Na+ current; Iin, input stimulus
current; Iax, axon inlet current; Iboost, axon membrane
current; Ivar, varicosity inlet current; ICaN

, N-type Ca2+

current; JSERCA, SERCA pump flux; Jleak, endoplas-
mic reticulum leak flux; JRyR, ryanodine receptor flux;
NE, norepinephrine concentration; NET , norepinephrine
transporter; i subscript, near-membrane intracellular con-
centration; e subscript, extracellular concentration, bulk

subscript, bulk intracellular concentration.

All ion channels were designed in the following
Hodgkin-Huxley form to allow interpretable calibration
from experimental data.
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where Ii is the i’th current, i relates to the INaV
, ICaN

,
IKv (no h inactivation gate), IA, IM (no h inactivation
gate) currents, gi is the channel conductance, mi is the ac-
tivation gate coefficient, hi is the closing gate coefficient,
τi,m (the following descriptions are also the same for h) is
the m gate coefficient time constant, the min and max su-
perscripts denote the constant min and max values of that
parameter, Vi,m,50 is the voltage at which m∞

i = 0.5, and
Vi,m,a/b shift the hill curve relative to Vi,m,50, to make it
easier for parameter identification of Vi,m,50. In addition to
these currents, we include others represented in Figure 1.
The NaCa exchanger, NaK pump, and endoplasmic retic-
ulum calcium handling were adapted from cardiomyocyte
models to better represent SN Ca2+ concentrations. The
L-type calcium channel was adapted from [3]. The full
model, with all equations detailed and CellML code at-
tached, will be published and uploaded to the Physiome
Model Repository at the end of 2024.

2.2. Experimental Data

Experimental patch clamp experiments were done on
excised stellate ganglia postganglionic SNs from SHRs, as
detailed in [5]. Animal use was in accordance with the
University of Oxford Local Ethical Guidelines, the Guide
for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (Publication No. 85-
23, revised 2011) and the Animals (Scientific Procedures)
Act 1986 (United Kingdom). Experiments were performed
under British Home Office Project License (PPL 30/3131
[D.J.P.] and P707EB251 [D.J.P.]).

2.3. Model Calibration and Validation

The single cell calibration and validation were done with
two data sets, one baseline used for calibration and one
with Retigabine application to validate the model and its
predicted response to M-type potassium channel upregu-
lation. To simulate Retigabine effects we increased the
maximum M-type channel conductance (gi) by 2.5 times
(calculated by matching changes in pre-stimulation resting
membrane potential), however, future work will more re-
alistically modify the maximum conductance and shift the
sigmoid curve by changing Vi,m/h,50, which is straightfor-
ward in this new formulation.
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2.4. Numerical Experiments

After calibrating and validating the models we con-
ducted numerical experiments with the model to investi-
gate potential treatment options for reducing sympathetic
hyperactivity. These numerical experiments were per-
formed to guide future lab experiments. We investigated
the response to ISK up-regulation (2.5 × conductance
increase) and INa block (2.5 × conductance decrease).
These experiments were designed to compare against the
predicted response of M-type channel upregulation and to
guide future research on channel targets that might be ben-
eficial for patients with dysautonomia.

3. Results

3.1. Model Calibration and Validation Re-
sults

The SHR model was accurately calibrated to the patch-
clamp data (see Figure 2 and Table 1), with stimulation
currents of 12, 44, 86, and 144 pA. Additionally, the model
predicts Retigabine’s (applied by increasing m-type potas-
sium channel conductivity) effect on frequency, and max
and min voltages. We successfully predict that M-type
channel upregulation decreases firing rate, and shifts hy-
peractive SNs from tonic to phasic firing.

Figure 2. Baseline membrane voltage for varied stimu-
lation current (Iin), showing tonic firing for (A), experi-
mental patch clamp used for calibration, and (B), compu-
tational model predictions.

3.2. Numerical Experiment Results

Figure 4 shows calibrated SHR model response to Na
channel partial block. This, compared to baseline, (Fig-
ure 2) shows change from tonic to phasic firing, however
there are potentially undesired high frequency low ampli-
tude spikes following stimulation.

Figure 3. Response to upregulated M-type K+ current.
Membrane voltage for varied stimulation current (Iin),
showing phasic firing for (A), experimental patch clamp
used for validation (unknown in model parameter optimi-
sation scheme), and (B), computational model predictions.

Table 1. Percentage errors for calibration (Baseline) and
Validation (M-type). Vmax, maximum voltage; Vmin, min-
imum voltage; f , frequency; Tmin, minimum period.

Vmax % Vmin % f % Tmin %
Baseline 12pA -14.3 -5.4 0.0 0.0
Baseline 44pA 17.7 1.2 0.0 3.3
Baseline 84pA 3.4 4.9 0.0 -7.9
Baseline 146pA -5.4 8.9 0.0 -1.2
M-type 12pA -14.8 -11.3 0.0 0.0
M-type 44pA -154.4 -6.1 100.0 0.0
M-type 84pA 3.8 -7.0 0.0 0.0
M-type 146pA -8.1 8.5 0.0 -32.8

Comparing Figure 5 to baseline (Figure 2) shows that
upregulating ISK decreases frequency from hyperactive
baseline and can change tonic firing to phasic firing, such
as in the 44 [pA] case.

In addition to predicting treatment response, we also
predicted NE concentration in the neuro-muscular junc-
tion. Figure 6 compares NE between baseline and M-type
up-regulation, showing a decrease in NE by approximately
50% after M-type channel upregulation.

4. Discussion and Conclusions

We have developed a postganglionic SN model cali-
brated to patch-clamp data from the SHR that can ac-
curately predict the response to M-type K+ upregulation
(Figure 2 to Figure 3).

Cardiac computational models used for treatment re-
sponse prediction need to account for the sympathetic ner-
vous system if they are to be used for diseases that are
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Figure 4. Voltage prediction after INa block.

Figure 5. Voltage prediction after ISK upregulation.

associated with dysautonomia, such as CPVT. Our new
SN model will be able to extend cardiac EP models, and
system models of cardiac control [6], so that they can ac-
curately predict drug effects on the heart and the sympa-
thetic control of the heart. For example, both ISK modifi-
cations and INa block have been investigated in cardiac in
silico trials. In Figures 4 and 5 we show that these drugs
have significant and varied effects on the SNs that control
the heart. Therefore, our model (through NE dynamics as
shown in Figure 6) can provide utility by coupling to car-
diac EP models for in silico trials that need to take into
account autonomic modulation.

We have validated the model with data for M-type K+

upregulation in the SHR, however, further validation is
needed and currently being done for different drug types
and in iPSC cells of CPVT patients, which may be a more
effective model for CPVT patients [7]. One limitation of
our approach is that we calibrate one model with param-
eters that may not be identifiable. However, we have de-
veloped the model to be easily calibrated, with parameters
such as Vi,m/h,50 that can be modified to give physiologi-
cally realistic variability. Therefore, this model will be ex-
tendable to calibrating populations of models that replicate
experimental variability to provide prediction uncertainties
that give more reliable evaluation of drug risk.
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Figure 6. Predicted NE in the neuro-cardiac junction in
(A) baseline and (B) after M-type channel upregulation.
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