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Abstract

The baroreceptor neurons serve as the primary transducers of blood pressure for the autonomic 

nervous system and are thus critical in enabling the body to respond effectively to changes in 

blood pressure. These neurons can be separated into two types (A and C) based on the myelination 

of their axons and their distinct firing patterns elicited in response to specific pressure stimuli. This 

study has developed a comprehensive model of the afferent baroreceptor discharge built on 

physiological knowledge of arterial wall mechanics, firing rate responses to controlled pressure 

stimuli, and ion channel dynamics within the baroreceptor neurons. With this model, we were able 

to predict firing rates observed in previously published experiments in both A- and C-type 

neurons. These results were obtained by adjusting model parameters determining the maximal ion-

channel conductances. The observed variation in the model parameters are hypothesized to 

correspond to physiological differences between A- and C-type neurons. In agreement with 

published experimental observations, our simulations suggest that a twofold lower potassium 

conductance in C-type neurons is responsible for the observed sustained basal firing, whereas a 

tenfold higher mechanosensitive conductance is responsible for the greater firing rate observed in 

A-type neurons. A better understanding of the difference between the two neuron types can 

potentially be used to gain more insight into the underlying pathophysiology facilitating 

development of targeted interventions improving baroreflex function in diseased individuals, e.g. 

in patients with autonomic failure, a syndrome that is difficult to diagnose in terms of its 

pathophysiology.
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1 Introduction

The cardiovascular system (CVS) primarily serves to transport substances including oxygen, 

nutrients, hormones, carbon dioxide, and waste products (Levick (2010)). The CVS 

maintains homeostasis via a dominance of negative feedback control, which actively restores 

the system state in response to perturbations, ensuring an uninterrupted transport function. 

Inputs encoding the state of the CVS are critical to the system regulation. The baroreceptor 

neurons monitor blood pressure by sensing changes in arterial wall strain that accompany 

arterial wall deformation in response to changes in blood pressure. These neurons are 

divided into two types according to their myelination and firing rate characteristics: A-type 

neurons are myelinated and fire at a high frequency when the stimulus reaches a certain 

threshold, while C-type neurons are unmyelinated and exhibit irregular firing, typically at 

low frequencies Brown et al. (1976). The characteristics considered in this analysis are more 

representative of autoactive C-type neurons, which fire tonically below threshold pressures. 

The study by Munch (1992) notes that between 15% and 54% of C-type neurons exhibit 

tonic firing, yet the origin of these two types of C-type neurons is not well known.

As depicted in Fig. 1, the baroreceptor neurons consist of mechanosensitive sensory nerve 

endings primarily located in the walls of the aorta and carotid sinuses. These nerve endings 

connect to dendrites that carry the electrical signal to the nucleus solitary tract (NTS) 

(Levick (2010)), which receives input from the baroreceptor neurons as well as from other 

cardiovascular afferents, such as chemoreceptors. The NTS integrates these inputs into a 

combined signal, which is relayed to the areas of the medulla responsible for generating 

sympathetic, and parasympathetic efferent signals. The targets for the efferent neural signals 

are the heart, and the small arteries and arterioles. At these targets the signals modulate heart 

rate, cardiac contractility, vascular resistance and compliance to maintain homeostasis 

(Korner (1971); Levick (2010); Thomas (2011)).

Beyond observation of differences in the baroreceptor firing rate generated by A- and C-type 

neurons, Fan et al. (1999) demonstrated that selective stimulation of A- or C-type neurons 

elicits distinct efferent responses. Both the blood pressure and the heart rate responses are 

most effective when both types of neurons are stimulated; however, selective stimulation 

reveals that combined A- and C-type stimulation produces more than twice the change in 

heart rate compared to A-type or C-type stimulation alone. Additionally, selectively 

stimulating A-type neurons produces a greater maximal change in blood pressure than 

stimulation of C-type neurons alone, though the frequency of stimulation required to achieve 

this is much higher than the frequency required to elicit a comparable change through C-type 

stimulation alone. Though these two results highlight some differences between A- and C-

type response, it must be noted that this study also emphasizes how the two populations of 

neurons contribute to the reflex response across different frequencies of stimulation, with C-

type neurons dominating the response to low frequency stimulation, whereas Atype neurons 

primarily contribute to reflex responses at higher frequencies of stimulation.

Both neuron types are stimulated via activation of mechanosensitive ion channels (MSC) by 

changes in the wall strain (caused by changes in blood pressure), and thus transduce changes 

in the blood pressure into an electrically encoded neural signal (Brown et al. (1978); Levick 
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(2010)). Another observation by Li et al. (2008) from electrophysiological and anatomical 

studies in rats showed that A-type neurons may be separated into two subtypes A- and Ah-

type, and that female rats have significantly more Ah-type neurons than male rats. Further 

studies by Chavez et al. (2014) of these fibers have revealed that selective stimulation of 

myelinated neurons in female rats exhibits a lower threshold for MAP reduction compared 

to male rats suggesting that Ah-type baroreceptors may provide a functionally distinct 

afferent pathway within the baroreflex arc.

While many aspects of baroreflex regulation have been studied extensively (Benarroch 

(2008)), numerous factors modulating baroreflex responses are not fully understood, e.g. the 

role of angiotensin in modulation of baroreflex sensitivity (Palma-Rigo et al. (2012); Saigusa 

and Arita (2014)), and the mechanical properties facilitating coupling of the nerve endings to 

the arterial wall (Brown (1980)). Both of which may be of significance in understanding the 

role of the baroreflex in hypertension as suggested by the recent study by Pettersen et al. 

(2014).

This is largely due to the difficulty associated with studying baroreceptor function at the 

cellular level experimentally. In particular, no studies have been able to describe the 

electrophysiological and mechanical characteristics of nerve endings. The typical approach 

involves isolating and recording electrophysiological properties in neurons that are separated 

from their mechanosensitive endings (Kraske et al. (1998); Snitsarev et al. (2002)). The 

nerve endings are best described as a branching and intertwined neural network that is 

integrated into the adventitial layers of the arterial wall, making it virtually impossible to 

experimentally isolate the nerve endings without damage (Kraske et al. (1998); Krauhs 

(1979)).

Despite this difficulty, studies of the cell membranes in isolated baroreceptor neurons have 

identified a number of ion channels and have characterized their dynamics. As discussed in a 

recent review by Schild and Kunze (2012), numerous ion-channels have been identified in 

baroreceptor neurons. This study only includes a subset of these ion-channels (extracted 

from previous modeling studies by Schild et al. (1994) and Li et al. (2011)), as illustrated in 

Fig. 2. Focus was on selecting a subset of channels allowing the model to detect differences 

between A- and C-type neurons response to pressure stimuli. The selected channels include 

(listed with the mathematical notation representing their current in parentheses): a TTX-

sensitive fast sodium current(INa,F), a sodium background current (INa,B), a calcium 

background current (ICa,B), a sodium-potassium exchanger current (INa,K), a sodium-

calcium exchanger (INa,Ca), a calcium pump (ICa,P) a delayed rectifier potassium current 

(IK,dr), and a 4-AP (4-aminopyridine) sensitive potassium current (IK,A and IK,D). Some of 

the channels excluded are the calcium sensitive potassium current identified by Li et al. 

(2011) and the TTX insensitive sodium current present in C-type neurons. The latter channel 

allows C-type neurons to continue firing when exposed to TTX, while A-type neurons cease 

firing. This channel would have allowed us to identify another difference between the two 

neuron types, but given that we do not have data to evaluate this difference, we omitted this 

channel.
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Mathematical modeling provides a way to explore the interaction between the ion-channel 

dynamics and the arterial wall deformation. Several previous modeling studies have 

investigated baroreceptor dynamics using approaches ranging from simple 

phenomenological models predicting the firing rate as a function of blood pressure (Spickler 

(1968); Ottesen (1997); Mahdi et al. (2013); Ottesen and Mehlsen (2014)) to biophysical 

models using a Hodgkin-Huxley type approach to describe the electrical behavior of the 

isolated neurons (Schild et al. (1994)). Some biophysical models (Brederode et al. (1990); 

Schild et al. (1994)) were designed to predict the differences in firing patterns between A-

type and C-type neurons; however, these studies did not examine how changes in vessel 

strain stimulate the stretch-sensitive channels. Alfrey (1997) accounted for 

mechanosensitivity, but focused on reproducing A-type firing patterns. In addition, a number 

of phenomenological models Coleridge et al. (1987); Seagard et al. (1990)) describe both A- 

and C-type firing rates as functions of blood pressure or wall-strain, but do not consider ion-

channel dynamics, and thus do not address the basis of differentiation between A- and C-

type neurons.

This study aims to combine previous efforts building a fairly simple biophysical model that 

can distinguish between A- and C-type firing. Our model has potential to help explore 

system level differences that may be attributed to differences in the distribution or role of A- 

and C-type neurons, such as gender differences found to play a role in patients with 

orthostatic intolerance (Santiago et al. (2000)). Orthostatic intolerance describes the inability 

of an individual’s body to effectively regulate changes in blood pressure caused by changes 

in posture, typically accompanied by frequent syncope episodes. This disorder occurs in five 

females for every one occurrence in males (Pickering (2002)). We speculate that this may be 

associated with different ratio of A- vs. Ah-fibers in males and females (see Li et al. (2008); 

Chavez et al. (2014)).

To study the origin of the firing patterns displayed by A- and C-type neurons. We designed 

an anatomically and physiologically based model that can predict arterial wall deformation, 

mechanoreceptor stimulation, and action potential generation. This model is shown to 

effectively reproduce experimentally observed responses of baroreceptor neurons to various 

pressure stimuli for both A- and C-type neurons. We discuss what parameters characterize 

the two neuron types and use the model to simulate C-type neural responses to pressure step 

and pulse stimuli, which have not been well characterized in previously published 

experimental studies.

2 Methods

2.1 Summary of experimental data

Quantitative data describing the deformation of the rat aortic arch, along with A- and C-type 

firing characteristics in baroreceptors within the rat aorta as well as rabbit and canine carotid 

arteries, were used for analyzing the model developed in this study.

Data characterizing arterial wall deformation were extracted from the experiments by Feng 

et al. (2007). These experiments measured the deformation of surgically isolated rat aortic 

arches in response to a controlled pressure stimulus.
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Baroreceptor firing rate characteristics illustrating the difference between A- and C-type 

neurons were extracted from experiments in rats, rabbits and dogs (Brown et al. (1978); 

Franz et al. (1971); Saum et al. (1976); Schild (1994); Seagard et al. (1990)). The 

experimental procedures in these studies were similar. They were all performed in situ in 

surgically isolated or excised vessels stretched to their in vivo length with the baroreceptor 

nerve attached.

To show firing rate characteristics exhibited by baroreceptor neurons (threshold, saturation, 

overshoot, and adaptation), the vessels were exposed to three prototypical blood pressure 

stimuli including a continuous ramp increase, a step change, a sinusoidal stimulus, and a 

pulse pressure stimulus. Data used to validate the model against each stimulus type are 

described below.

A ramp stimulus (see bottom of Fig. 3A.) can be achieved using a syringe pump to infuse 

fluid in a vessel clamped at its outlets. The continuous infusing of fluid cause the pressure to 

increase at a rate of 1–2 mmHg/sec. Previously published experiments using a ramp stimulus 

reveal two characteristic features of baroreceptor neurons: threshold and saturation. 

Threshold characterizes the pressure at which the firing rate frequency suddenly changes. 

Fig. 3A shows that A-type neurons start firing when the ramp stimulus reaches a given 

threshold, whereas autoactive C-type neurons fire at all pressures (over the ramp) but change 

firing rate at the threshold pressure, Seagard et al. (1990).1 Saturation refers to the pressure 

range over which the firing rate remains constant, i.e. when a pressure increase no longer 

leads to an increase in firing rate. While both A- and C-type neurons exhibit saturation, A-

type neurons saturate at a higher frequency but lower pressure than C-type neurons (see Fig. 

3A.).

A number of studies analyzing the response to a ramp stimulus have achieved similar results 

(Bolter et al. (2011); Coleridge et al. (1987); Franz et al. (1971); Munch (1992); Munch and 

Brown (1985); Sato et al. (1998); Spickler and Kezdi (1967); Tomomatsu et al. (1983)). Two 

of these studies (Coleridge et al. (1987); Spickler and Kezdi (1967)) stimulated the 

baroreceptor neuron with a ramped pulsatile pressure: an underlying increasing mean 

pressure overlaid with a pulsatile pressure. These studies observed that the pulsatile stimulus 

shifts the firing rate response up, but does not change the qualitative features.

In this study, we model the ramp stimulus using the linear function

(1)

where a denotes the rate of the blood pressure increase, and b the baseline pressure.

A step pressure stimulus is commonly used to characterize the dynamic response of the 

baroreceptor neurons, and refers to stimulation by blood pressure changed in a rapid step (up 

to 200 mmHg over about 100 msec) from one value to another (see Fig. 3B). Brown et al. 

1Seagard et al. refer to A-type as Type I, and C-type as Type II.
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(1978) investigated the rat aortic baroreceptor firing rate in response to four pressure steps 

increasing pressure from a baseline of 115 mmHg with steps of 13 (to 128), 19 (to 134), 22 

(to 137), and 28 (to 143) mmHg (Fig. 3B). The characteristic response of both A- and C-

type neurons to a step stimulus is an overshoot followed by adaptation. At the onset of the 

pressure increase, neurons dramatically increase their firing rate, after which it decays 

toward a new steady firing rate corresponding to the new pressure (see Fig. 3). Kunze and 

Andresen (1991) report that C-type neurons (not shown) exhibit more irregular firing 

patterns than A-type neurons. Yet Brown et al. (1976) report that some C-type neurons 

respond with an overshoot followed by rapid adaption and then sustained cessation as the 

step up in pressure is maintained. For both neuron types, the experiments were done over a 

period of 12 sec, allowing the firing rate to adapt to a new steady level of discharge. Similar 

responses, mostly in A-type neurons, have been observed in multiple studies (Saum et al. 

(1976); Vliet and West (1987)).

We model the pressure step change using the function

(2)

where pb denotes the baseline pressure and Δp the step change.

A sinusoidal pressure stimulus is typically used to analyze the firing rate dynamics in a 

setting mimicking in vivo conditions. In response, both A- and C-type baroreceptors fire 

sinusoidally with some phase shift (Brown et al. (1978)), though C-type baroreceptors have 

characteristically lower firing rates (see Fig. 3C). Spickler and Kedzi also studied the 

response of (presumed A-type) baroreceptors and attempted to characterize their frequency 

response characteristics, finding an increased activity corresponding to increased stimulus 

frequency (Spickler and Kezdi (1967)). Franz et al. (1971) studied the response of 

(presumed A-type) baroreceptors in rabbits and attempted to develop a black box input/

output model of these based on signal characteristics. Their sinusoidal stimulus recordings 

showed similar results to those of Brown et al. (1978).

The sinusoidal stimulus is modeled as

(3)

where pb denotes the baseline pressure, pA the amplitude, and ω the stimulus frequency, and 

ϕ specifies the phase shift relative to a single period of the signal.

A pulse pressure stimulus refers to a step pressure increase followed by a step decrease back 

to the original pressure level (Fig. 3D). Saum et al. (1976) used this stimulus to investigate 

the response known as Post Excitatory Depression (PED) observed in A-type neurons. 

PED is a cessation of baroreceptor firing for a period of up to 10 seconds following the 
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sudden decrease in pressure. The cessation of firing following decreasing pressure has been 

observed in numerous studies beginning with the one by Bronk and Stella (1932) who noted 

that baroreceptor neurons cease to fire during diastole. This phenomenon was analyzed in 

numerous previous studies: Landgren (1952) observed effects of amplitude and duration of 

the pressure step on the duration of PED. Wang et al. (1991) observed that the PED duration 

depends on the duration and the height of the pressure step. Finally, Saum et al. (1976) 

demonstrated that PED may be inhibited through processes within the baroreceptor nerve 

fiber itself. He suggested that an electrogenic sodium pump contributes to the phenomenon. 

To our knowledge no studies have investigated the response of isolated C-type neurons to a 

pulse pressure stimulus. The pressure pulse stimulus is modeled using the function

(4)

where pb denotes the baseline pressure and Δp the step change.

2.2 Modeling

As shown in Fig. 1, the baroreflex model consists of three components predicting arterial 

wall deformation, neural deformation and mechanoreceptor stimulation, and action potential 

generation from which firing rate is extracted. A nonlinear function relating pressure to 

arterial wall strain is used to predict the increased stiffening observed with an increased 

pressure stimulus. This model is based on experimental studies in rats (in aortic baroreceptor 

neurons) (Feng et al. (2007); Bezie et al. (1998)) and in sheep (in a range of large arteries) 

(Valdez-Jasso et al. (2009a, 2011)). Changes in wall strain drives the baroreceptor nerve 

ending deformation. To our knowledge no experimental studies have characterized the 

coupling of the nerve ending deformation to the wall strain, thus no explicit model validation 

can be made for this model component. For this part of the model, we incorporated ideas put 

forward by Alfrey (1997), Bugenhagen et al. (2010) and Mahdi et al. (2013) using the 

assumption that the nerve ending deformation exhibits qualitative dynamics that are similar 

to that associated with the baroreceptor firing rate response to a step pressure stimulus. For 

this study we adopt a linear viscoelastic model with two relaxation time scales of 

approximately 1 and 3 seconds to predict the nerve ending deformation induced by the 

arterial wall strain. Nerve ending deformation stimulates mechanosensitive ion channels, 

whose probability of opening is modeled by a sigmoidal function of the nerve ending strain. 

Finally, the afferent baroreceptor firing rate is calculated from the action potentials generated 

by a Hodgkin-Huxley type model incorporating the major ion channels identified in patch 

clamp studies of baroreceptor cell bodies (Schild et al. (1994)).

2.2.1 Arterial wall deformation—The large arteries, have connective tissue attaching 

them to the surrounding tissues and structures of the body. As a result, the vessels are pre-

stretched in their longitudinal direction and therefore mainly deform axially (Fung (1996)). 

Several recent studies in large mammals, e.g. the sheep study by Valdez Jasso et al. (2011), 

have shown that arterial deformation displays nonlinear elastic and viscoelastic properties, 
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yet it is not clear if viscoelasticity plays a major role in arterial wall deformation within 

small animals (Brown et al. (1978); Boutouyrie et al. (1997)). Due to the focus of this study 

on data from Brown et al. (1976, 1978) and Feng et al. (2007) in rats, and Seagard et al. 

(1990) in dogs, we have chosen to describe wall deformation using the elastic nonlinear 

sigmoidal function proposed by Valdez-Jasso et al. (2011). This model accounts for the high 

stiffness of the arteries at both high and low pressures following

(5)

where A0 and Am are the unstressed and maximum cross-sectional area, αw represents the 

pressure at which A(p) = Am/2, and κw determines the steepness of the response.

Following Fung (1993), the axisymmetric strain can be defined as

where r and r0 denote the actual and unstressed vessel radii.

Substituting  into (5) gives

(6)

where RA = Am/A0.

2.2.2 Nerve ending deformation and mechanoreceptor stimulation—The aortic 

and carotid baroreceptor nerve endings form a complex branching network within the 

outermost layer (the adventitia) of the arterial wall. Exiting the adventitia individual axons 

merge into the afferent vagal nerve (cranial nerve X) (Andresen and Kunze (1994)). Krauhs 

(1979) studied the anatomy of the baroreceptor-endings in the arterial walls of rat aortic 

arches. The nerve endings typically lay in the collagenous tissue between elastic laminae 

within the adventitia. They found nerve endings both with and without connective fibers 

attaching them to the tissues of the arterial wall. It is well known that collagenous tissues 

display both elastic and viscoelastic deformation (Fung (1993)); however, how these 

properties determine the transfer of arterial wall strain and stress to the nerve endings have, 

to our knowledge, neither been measured nor modeled.

In this study we model the deformation following ideas by Alfrey (1997), Bugenhagen et al. 

(2010), and Mahdi et al. (2013) that described the displacement of the nerve endings relative 
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to the total wall stretch using a model with two Voigt bodies in series with a spring. These 

are all in parallel with the wall deformation, εw, as presented in Fig. 4.

Springs have the stress-strain relation σ = Eε, while the dash-pot elements follow . 

The strain across elements in parallel is equal, while the stress of elements in series are 

equal. Applying these relations to the first Voigt body gives the stress-strain equation 

, where ε2 is the strain across the Voigt body. The second Voigt body has a 

total strain (ε1−εw) giving . Both σ1 and σ2 must be equal to 

the stress in the final spring element σne = Ene(εw − ε1). By substituting the derived 

expressions in σ2 = σne gives the following differential equation for ε2

Similarly solving σ1 = σne yields

Further details explaining this model can be found in the study by Mahdi et al. (2013).

One parameter can be eliminated by re-parameterization of this system using βi = Ei/ηi and 

αi = Ene/ηi giving

(7)

where, the total strain εne experienced by the mechanoreceptor is given by

(8)

Mechanosensitive ion channels: Previous studies (Sharma et al. (1995); Kraske et al. 

(1998); Cunningham et al. (1997); Drummond et al. (1998); Snitsarev et al. (2002)) have 

identified a mechanosensitive current in baroreceptor cells; however, the details of its 

activation and voltage-current relationship have not been fully characterized. We described 

the current using a simple Ohmic relation with a reversal potential Em, following the study 

by (Alfrey (1997)). The current is thus

(9)
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where gm represents the maximal whole cell conductance and po(εne) the fraction of 

channels open for a given strain.

Following observations by (Kraske et al. 1998, Figure 2B), we assume that the fraction of 

open channels po depends sigmoidally on the nerve ending deformation, εne. This is 

quantified using a Boltzmann relationship

(10)

where S½ determines the steepness of the transition, and ε½ corresponds to the strain 

associated with 50% of the channels in the open state. This basic approximation assumes 

instantaneous dynamics, which is reasonable since the dynamics of this current is thought to 

be fast compared to the duration of the action potential (Kraske et al. (1998)).

2.2.3 Afferent action potential generation model—The spiking activity of the nerve 

ending is modeled using a simplified conductance based approach predicting action potential 

generation using voltage-gated channel dynamics. This model uses a single compartment to 

represent the spike initiation zone and assumes that the generated spikes are carried by the 

nerve fibers without further modulation. The approach presented here follows the previous 

study by Schild et al. (1994), though it includes only the following ion channels (see also 

Fig. 2):

• Mechanosensitive current, Im (stretch sensitive, inward).

• TTX-sensitive fast sodium current, INa,F (voltage-gated, 

inward).

• Sodium background current, INa,B (inward).

• Calcium background current, ICa,B (inward).

• Sodium-potassium pump current, INa,K (outward).

• Calcium pump current, ICa,P (outward).

• Sodium-Calcium exchanger current, INa,Ca (outward).

• Delayed rectifier current, IK,dr (voltage-gated, outward).

• 4-AP sensitive potassium currents, IK,A+IK,D (consists of 

two independent voltage-gated currents, outward).

These channels are chosen due to their relatively large maximal conductances as well as 

their importance in producing the known qualitative dynamics associated with baroreceptor 

firing. A Hodgkin-Huxley type neuron model is used to describe the voltage of the nerve 

ending (Koch and Segev (1998); Izhikevich (2007)) formulated using an equiv alent circuit 

with a capacitor in series with conductance pathways representing specific ways current can 
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flow through the membrane of the nerve fiber. The transmembrane voltage-potential V is 

modeled as

where Ii corresponds to the total current through a particular ion channel (including the 

mechanosensitive channel), and Cm denotes the membrane capacitance. An equivalent 

circuit representation of the model is shown in Fig. 2.

For each channel, the current through the channel is given by

(11)

where gi denotes the maximum whole- in the absence of inactivation, V is the membrane 

potential, Ei is the reversal potential, while a and b denote the activation and inactivation 

gating variables, where k and l are constants. Each of the gating variables can attain a value 

between 1 (fully permeable to ions) and 0 (fully non-permeable). The product of these 

variables denotes the percentage of conducting channels. The integer power, k or l, denotes 

the number of gating particles which must transition in order for the channel to open or 

close. Assuming the particles are independent, the probability that k activating and l 
inactivating particles exist in the permeable state is akbl.

The dynamics of the ion channel are determined by the gating variables, a and b, and are 

modeled by

where z represents the gating variable (a or b), z∞ is the steady state value, and τz the 

characteristic time scale.

For most currents, z∞ is assumed to exhibit a sigmoidal voltage-dependency

where V½ corresponds to half-activation potential and S½ is related to the reciprocal of the 

slope of the activation curve measured at V = V½. The time constant τ (also voltage-

dependent) follows a simple Gaussian form
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where A corresponds to the peak amplitude, B scales the function width, and Vpeak 

corresponds to the membrane potential at which τ equals A +C.

The key state variables regulating channel opening and the parameters determining the total 

Ohmic current are given in Appendix 5. For a more thorough treatment of neuronal 

modeling, we suggest the works of Koch and Segev (1998) and Izhikevich (2007).

2.2.4 Firing rate calculation—The euqations presented so far described the voltage of 

the neuron as a continuous function of time; however, the data of interest is the firing rate 

measured from the timing of spikes in the originally recorded data Brown et al. (1976). An 

algorithm to automatically calculate the firing rate from the voltage trace described by the 

model allows efficient comparison of the model voltage trace to the firing rate data. The 

algorithm first identifies the timing of action potential spikes, and then calculates the 

instantaneous firing rate f as the reciprocal of the inter-spike interval.

To compute action potential timing, the algorithm first detects times, tj, when the voltage 

rises above a threshold voltage, Vref. It then iterates through the solution data points (Vi,ti) 
and identifies a crossing if (Vi−Vref)(Vi−1−Vref) < 0 and Vi > Vref. If this condition is met 

then j is incremented starting from 0, and the crossing time tj is calculated as

(12)

where Δt = ti−ti−1. Vref was set to 40 mV. The time between consecutive crossings, Tj = 

tj−tj−1, is used to calculate the frequency fj = 1/Tj. To determine if the neuron has ceased 

firing, a threshold Tmax is set. If Tmax milliseconds pass between successive action 

potentials, the instantaneous firing rate is set to 0 Hz (We define Tmax = 300 msec). Finally, 

piece-wise linear interpolation is used to obtain continuous firing rate f.

2.3 Parameter Estimation and Curve Fitting

Model parameters are estimated using a combination of hand tuning and automated 

estimation, minimizing the least squares cost

(13)

where θ denotes the vector of model parameters, yd(ti) the data measured at time ti, and 

ym(ti, θ) the associated model values. Automated parameter estimation methods include the 

Levenberg-Marquardt method and the Nelder-Mead simplex algorithm. The Matlab 

(MATLAB (2015)) function lsqnonlin (implementing the Levenberg-Marquardt method) 
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was used to estimate parameters of the arterial wall model. To remedy the relatively low 

speed available in Matlab, for estimation of neuronal parameters and we used the Nelder-

Mead optimization tool within the JSIM modeling environment (Butterworth et al. (2014)).

To compare model behavior to available experimental data and known qualitative features, 

the individual component models were first calibrated independently. Data for arterial wall 

deformation recorded by Feng et al. (2007) was used to calibrate the arterial wall 

deformation model. The nerve ending deformation model used parameter estimates reported 

in a previous study that fitted this model to step response recordings of baroreceptor firing 

rates (Mahdi et al. (2013)). The neuronal model was adjusted to reproduce the minimal and 

maximal firing rates present in data. Subsequently, adjustments were made to better fit the 

complete model to a particular experimental data with a given stimulus: ramp, sine, step and 

pulse pressure.

3 Results

3.1 Baseline model calibration

Arterial wall deformation predicted by (6) was compared to data extracted from studies in 

rat aortic baroreceptors by Feng et al. (2007) (shown in Fig. 5). This data displays wall 

deformation in the center of the aortic arch over a range of pressures from 0–200 mmHg 

(Feng et al. 2007, Figure 4B). Results shown in Fig. 5 were obtained using the Matlab 

function lsqnonlin to estimate parameters in (6) minimizing the least squares cost (13). 

Estimated parameter values are RA = 8.32, αw = 198 and κw = 2.65.

Nerve ending deformation was calibrated to produce a response to step pressure changes that 

qualitatively mimicked the baroreceptor firing rate. We used parameters reported in the 

previous study by Mahdi et al. (2013). This study used a simple model to scale εne directly 

to the nerve ending firing rate using an affine function of the nerve ending strain of the form

(14)

Reported parameters are s1 = 480, s2 = 100, α1 = 5.0 · 10−4, α1 = 5.0 · 10−4, α2 = 4.0 · 10−4, 

β1 = 5.0 · 10−4, and β2 = 2.0 · 10−3 (see (7) for more details).

Neural model parameters were initially set to values reported by Schild et al. (1994). 

Parameters for the mechanosensitive channel, ε½ and S½, were adjusted to obtain a 

sigmoidal relattionship of po(εne) over the range of input pressures p present in the data (0–

200 mmHg). ε1/2 was set to correspond to the neuron strain achieved at middle pressure 

between threshold and saturation. The S1/2 value was chosen similarly ensuring that po was 

nearly zero at the pressure threshold. Finally the value for ḡm was chosen by finding the 

minimum conductance required to initiate continuous firing in the neuronal model. The 

resulting values used are presented in Table 3 in Appendix 5.
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Two model simulated action potentials are depicted in Fig. 6. The figure shows voltage 

traces from simulations with a constant pressure stimulus for an A-type (circles) and C-type 

(triangles) neuron.

3.2 Pressure stimuli simulations

For each simulation, model parameters were estimated ensuring that the model qualitatively 

and quantitatively fits literature experimental data. Given these data sets are recorded under 

different experimental conditions and in different species (e.g. rats, cats, dogs), parameter 

values differ between simulations. To remedy this deficiency, the resulting parameters 

estimated for each stimulus were verified to produce qualitatively consistent behavior across 

stimuli types.

Ramp stimulus—To evaluate the model’s ability to reproduce both A- and C-type firing 

rates, we stimulated the model with a ramp pressure (1) with slope a = 2 mmHg/sec. The 

nerve ending deformation parameters (α1, α2, β1, and β2), half activation strain, ε1/2, and 

reciprocal slope, S1/2, as well as the model’s max conductances, gi, were estimated using the 

Nelder-Mead method minimizing (13) between model firing rate and the A- or C-type data 

sets shown in Fig. 3. The initial pressure step parameters were pb = 100 mmHg for the A-

type simulation and pb = 0 mmHg for the C-type simulation. Fig. 7 shows the resulting firing 

rates Table 1.

In addition to estimating parameters to fit the ramp stimulus, the estimated parameters were 

used to simulate model response to a step stimulus of the form (2) with base pressure pb = 

135 mmHg, step amplitude Δp = 22 mmHg, and onset time tstep = 1.1 sec. This was done to 

determine the response of these optimized ramp responses to a step pressure input. The 

resulting firing rates are shown in Fig. 8.

Step stimulus—A step stimulus (2) with pb = 115 mmHg, Δp = 22 mmHg, and tstep = 1.1 

sec was used to simulate the experiments reported by Brown et al. (1978). Similarly to the 

ramp simulations, mechanical coupling parameters and neuronal conductances were 

estimated to fit the data (see Fig. 9 and Table 1). The estimated parameters were also used to 

simulate the model response to a ramp stimulus with a baseline pressure pb = 0 mmHg/sec 

and a slope a = 2 mmHg/sec (the values used in the previous simulations). This was done to 

ensure the parameters estimated for the step response also reflected an appropriate ramp 

response (results not shown).

Pulse stimulus—To investigate the ability to characterize PED, the model was stimulated 

by a pressure pulse (4) with pb = 120 mmHg, Δp = 36 mmHg, tup = 4.5 sec, and tdown = 8.6 

sec. These values were chosen to match the data from Saum et al. (1976), but with pressure 

values shifted to match the step stimulus used in previous simulations. Parameters were 

estimated minimizing (13) using the Nelder-Mead algorithm in JSIM. The resulting response 

is shown in Fig. 10A. While simulations were able to predict the baseline, overshoot, and 

adaptation, the duration of the PED was too short. PED can be extended to match the data 

(see Fig. 10B), but this is at the cost of lowering the baseline firing rate. To compare the 

model’s behavior to that recorded by Landgren (1952), we simulated PED with pressure step 
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durations 2.1, 4.1 and 6.1 sec, and amplitudes of 15, 20 and 50 mmHg, see Figs. 10C and D, 

respectively. Finally, we used the same stimulus to simulate a C-type neuron’s response to a 

pulse pressure stimulus, the resulting firing rates are shown in Fig. 11. To our knowledge no 

recordings of C-type baroreceptors’ firing rate response to a pulse stimulus have been made.

Sinusoidal stimulus—To fit the firing rate response to sinusoidal data for A-type neurons 

recorded by Franz et al. (1971), we used a stimulus with an amplitude pA = 12.5 mmHg, a 

mean pressure pb = 140 mmHg, a frequency ω = 2.5 Hz, and a phase shift ϕ = −0.1. For this 

simulation parameters were estimated using the Nelder-Mead algorithm in JSIM. This 

stimulus corresponds in shape and amplitude to that used to record the data but shifted in 

mean pressure in order to allow a common set of neuronal parameters to be used. In addition 

to fitting the model parameters to A-type data, we also used the estimated parameters from 

the C-type ramp data (see Fig. 7) to simulate the firing rate response of a C-type neuron to 

the same sinusoidal stimulus. The resulting firing rates and parameters are shown in Fig. 12.

4 Discussion

The objective of this study was to develop a biophysical model of baroreceptor transduction 

of blood pressure that can reproduce differentiated responses of A- and C-type baroreceptor 

neurons. This extends existing baroreceptor models (Alfrey (1997); Bugenhagen et al. 

(2010); Mahdi et al. (2013)), limited by using either ad hoc models (Bugenhagen et al. 

(2010); Mahdi et al. (2013)) or by focusing on prediction of A-type dynamics (Alfrey 

(1997)).

The model has three components corresponding to the physical processes involved in the 

transduction of blood pressure: arterial wall deformation, nerve ending deformation and 

stimulation of mechanosensitive channels, and generation of action potentials by the 

neuronal membrane’s ion-channel dynamics. The firing rate of the baroreceptor neurons 

firing rate was calculated from interspike intervals of the membrane voltage. The ion 

channels were characterized according to results of previous studies of baroreceptors’ 

electrophysiological characteristics. Using this model, we were able to, both quantitatively 

and qualitatively, reproduce known differences between A-and C-type signaling. This was 

done by adjusting the parameters of the mechanical coupling (α1, α2, β1, β2, ε½, S½), 

variations of which could represent differences in the mechanosensitive propreties of 

different individual neurons due to variability of the anatomy of the nerve endings as well as 

differences between A- and C-type mechanosensitivity. Additionally, allowing Em to vary 

improved the fits shown in Fig. 10 and Fig. 12, which may be interpreted as accounting for 

variations in the relative permeability of the mechanosensitive channel to certain ions or 

changes in the ionic concentrations. Changing the relative expressions of the fast sodium 

channel, the delayed rectifier potassium channel, the 4-AP sensitive potassium channels, the 

mechanosensitive channel and the sodium background current (gNa,F, gK,dr, gK,A, gK,D, gm, 

and gNa,B) also contributed to reproducing the different firing patterns in the data. The 

differences in these values may be attributed to individual neuron variation, differences 

between A- and C-type neurons, and interspecies variability. For each data set, the estimated 

parameter values are given in Table 1.
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The parameters within the arterial wall deformation model were fit to data from Feng et al. 

(2007) and subsequently used in all simulations. Since, to our knowledge, no data exist 

showing nerve ending deformation relative to the wall deformation, the nerve ending 

deformation model was calibrated as suggested in a previous modeling study (Mahdi et al. 

(2013)), which used an integrate and fire model to predict the firing rate. We further adjusted 

the activation parameters, ε½ and S½ within the mechanosensitive ion channel and the 

maximal conductances, gi, for each ion channel to reproduce available firing rate data 

extracted from published experiments (see Section Sect. 2.1). Other parameter values used in 

model of action potential generation were taken from the previous study by Schild et al. 

(1994).

The firing patterns for A- and C-type neurons are typically distinguished by their unique 

response to a ramp pressure stimulus (Seagard et al. (1990); Coleridge et al. (1987); Gilmore 

and Tomomatsu (1984)). A-type neurons have a distinct threshold pressure below which they 

do not fire, and they have a relatively large minimum firing rate (i.e. > 10 Hz). C-type 

neurons, on the other hand, may be active over “all” pressure ranges, but have a pressure 

threshold at which their firing rate begins to increase in response to an increase in pressure. 

Their firing rage is lower than A-type neurons (between 2 and 20 Hz). These differences 

were reproduced in Fig. 7 by changing the relative expression of potassium currents and the 

strength of the mechanosensitive current. Our results agree with observations by Schild and 

Kunze (2012) who reported different levels of expression of potassium currents. However, 

no data are available quantifying differences in the mechanosensitivity between the two 

neuron types. Our results of fitting ramp data suggest that the C-type neurons have a lower 

level of current carried by the mechanosensitive pathway. This difference may be due to a 

difference of ion channel expression between the two neuron types, such that C-type neurons 

have a significantly lower density of mechanonsensitive channels in the terminal endings 

than the myelinated A-type neurons. Further since the C-type nerve endings are generally 

smaller and thus have lower surface area as reported by Krauhs (1979), the total conductance 

for a given channel density would also be lower. Fitting the various published experimental 

data by adjusting only maximal whole cell conductances and mechanical coupling 

parameters supports the explanation of the differences in these parameters as a reflection of 

neuroanatomical differences between A- and C-type terminal endings.

The difference in maximal conductance could also be attributed to differences in the channel 

proteins expressed in A- and C-type vagal afferent neurons and baroreceptor terminal 

endings (presumably mechanosensitive). The possibility of differential protein expression in 

A- and C-type neurons is supported by the observations of Doan et al. (2004), who found 

differential expression of HCN channels between A- and C-type neurons. It should be noted 

that no specific studies have shown that HCN channels in baroreceptor nerve endings are 

mechanosensitive, thus we speculate a similar difference in expression of the proteins 

composing the mechanosensitive channels. Doan et al. (2004) also found that blocking HCN 

reduced the current threshold of the nerve endings, though they were not able to prove that 

the observed response was independent of muscle responses to the solution used to block 

HCN. This finding in conjunction with the observation that C-type nerve endings have a 

lower HCN suggests that our observation of lower mechanosensitive conductance in C-type 

nerve endings may fit with the lower required current to activate nerve endings with lower 
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HCN expression. Further, the higher expression of an HCN current with a faster time course 

in Atype nerve fibers may be a part of the explanation of how A-type nerve fibers achieve 

much higher firing rates than C-type nerve fibers.

To our knowledge, the only reported difference between A- and C-type baroreceptors in the 

response to a step stimulus are that A-type neurons typically have a higher firing rate of A-

type, while C-type neurons display greater irregularity Brown et al. (1978). To match the 

dynamics displayed by A-type neurons, the ion channel conductance was increased, 

especially the sodium conductance (see Fig. 9). Due to a lack of data for the step response 

for C-type baroreceptors, we were unable to test the model’s ability to reproduce C-type 

data. However, we simulated a C-type response to step pressure stimulus using parameters 

estimated for the C-type ramp (see Fig. 8). The response obtained agrees with the qualitative 

features of overshoot and adaptation reported by Brown et al. (1978).

To better understand the differences associated with the individual model components, we 

considered how changes in individual model parameters effected the model output and found 

that increases in potassium conductances (gK,dr, gK,A, and gK,D) generally decreased the 

basal firing rate, with a smaller effect on maximal firing rates. These currents may be a key 

determinant of the threshold pressure and necessary for converting a constantly firing C-type 

neuron to one that fires only above a certain pressure stimulus. Raising gm had the greatest 

effect on changing maximal firing rate, and sensitivity, though it had little effect on basal 

firing rate. Changing S½ and εh change the slope and threshold of the static pressure firing 

rate response observed in response to a ramp stimulus, but do not have an effect on its 

baseline or saturation. Increasing the half activation strain, ε½ had a significant effect on the 

amount of adaptation observed in response to a pressure step stimulus. The parameters of the 

mechanical coupling have some effect on the baseline firing rate, though their primary 

effects are in the relation to the shape of the adaption curve in a step response. Increases in 

β1 or β2 result in a higher basal firing rate and a decreased scale of adaptation. Increases of 

α1 or α2 on the other hand have opposite effects.

These differences suggest that in C-type neurons the lower potassium conductance allows 

for sustained basal firing, whereas the higher mechanosensitive conductance is primarily 

responsible for the greater firing rate observed in A-type neurons. The ten fold difference 

between A-type and C-type gm could be attributed to the smaller size of C-type axons and 

nerve endings, thus likely having a lower maximal conductance. The mechanical parameters 

of the C-type neuron on the other hand correspond to a greater scale of adaptation, which is 

particularly evident in Fig. 11. The interactions of these parameters are also important. A 

large change in the potassium conductance within C-type neurons can make them stop 

firing, and a large increase in gm results in cessation of firing above a certain level of 

stimulation.

Next, we tested the models’ ability to predict and modulate PED in response to changes in 

the duration and amplitude of the step response Fig. 10, features that, to our knowledge, has 

not been discussed in previous modeling studies. While the model was able to elicit PED we 

were not able to match all features reported in the experiment. In particular we were not able 

to match the duration of the PED for the given baseline and pressure step amplitude. The 
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model could predict a longer PED but at the cost of lowering the baseline firing rate (see 

Fig. 10B). As suggested by Landgren (1952) we also tested the model’s ability to predict a 

longer PED in response to a longer or higher step. While the predicted PED was longer, 

results were insignificant as shown in Figs. 10C and D. This could be due to our 

deterministic approach to simulating neural firing or to computations in a single neuron. It is 

well known that introducing small amounts of noise in neural models and to include 

interactions among neurons can change the dynamic behavior (McDonnell and Ward (2011); 

Solanka et al. (2015)). However, it could also be due to misspecification of the model 

predicting deformation of the neuron ending, or a result of excluded channels.

Finally, we increased fast sodium conductance and decreased the background sodium current 

to reproduce the sinusoidal firing rate response data by Franz et al. (1971). We simulated the 

C-type response to sinusoidal pressure was simulated using the parameters estimated for the 

ramp fit. Results of this modulation were in qualitative agreement with features reported by 

Brown et al. (1978).

These quantitative and qualitative results indicate that a biophysical approach may indeed 

account for observed differences between A- and C-type neurons, primarily at the neuronal 

level due to electrophysiological differences. To our knowledge this is the first study that has 

reproduced both A- and C-type afferent firing dynamics with a single model. The 

predictions of the C-type response to step and pulse stimuli suggested that C-type fibers may 

not exhibit PED, a possibility that to our knowledge has not been discussed in previous 

studies. Furthermore, we predicted the C-type response to step and pulse stimuli, which 

provide an explanation for the characteristics of these responses, as well as suggesting that 

C-type fibers do not exhibit PED, a characteristic which has not been discussed in previous 

studies.

In addition to these differences, the model successfully reproduces the step response 

characteristics of the firing rate response of baroreceptors. These results are expected as we 

have developed a model that attempts to incorporate the characteristics of the underlying 

systems generating the firing rate response: the arterial wall mechanics and action potential 

generation in the afferent fiber endings. We observe that the variations in α1, α2, β1, and β2 

seem to be greater within the group of A- type estimates as compared to those between A-

and C-type ramp estimates (see Table 1), thus we hypothesize that the mechanical coupling 

of the fiber endings is not significantly differentiated between A- and C-type nerve endings. 

In fact these variations are quite large (2–3 fold) within the same nerve ending type. We 

hypothesize that this variability may be due to the convoluted and variable anatomical 

structure of the nerve endings as reported by Krauhs (1979). In addition, this variability 

could suggest that a single set of coupling parameters may not accurately describe the 

coupling of sensory endings in general.

The data available span a large range of firing rate responses indicating significant 

variability within individual baroreceptor types. Our results show that modeling can provide 

a way to investigate differences between baroreceptor types, although limited to considering 

autoactive C-type fibers. Although this model of autoactive C-type fibers may not explain 

the irregular firing observed in non-autoactive C-type fibers, it may be useful to to explain 
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differences between A- and Ah- type neurons studied by Li et al. (2008). The latter is of 

particular importance as this neuron-type may be essential to better understand 

pathophysiology associated in patients experiencing orthostatic intolerance.

One difficulty in this study is the lack of a data set containing recordings from a single nerve 

fiber’s firing patterns in response to each of the stimuli considered in this study. Such a 

recording would ideally allow for a more consistent set of parameters to be used when 

reproducing each of the known firing patterns. The majority of firing rate recordings in 

response to a controlled pressure stimulus seem to have been conducted on A-type nerve 

fibers, making it difficult to evaluate the model’s ability to capture the key features of C-type 

firing patterns. In addition, the lack of measurements of the coupling of the 

mechanosensitive currents to arterial wall deformation impedes better calibration and 

evaluation of the model’s representation of these components.

Finally, our study included only the largest inward and outward currents reported in previous 

electrophysiology and modeling studies in order to simplify the analysis. Other ion channels 

may play a significant role in long-term adaptation and pharmacological sensitivities of the 

baroreceptor firing patterns. For example, Gallego and Eyzaguirre (1978) demonstrated that 

the Nav1.8 (TTX-R) channel enabled vagal afferents to conduct and produce action 

potentials in the presence of TTX, although not without pronounced changes in electrical 

threshold and action potential shape. Likewise they showed that BK-type calcium activated 

potassium (KCa1.1) is markedly expressed in un-myelinated vagal afferents and has been 

shown to be a robust modifier of neural discharge. Further studies should investigate the 

impact of adding more channels to study how these impact observed dynamics. In addition, 

various studies have identified specific ion channels using pharmacological, 

immunohistochemical, and genetic techniques (Schild and Kunze 2012, Table 1). These are 

examples of voltage-gated and calcium-activated ion channels, which carry potassium, 

sodium, and calcium currents are found in baroreceptor neurons though their role in 

determining the firing rate is not described in detail. It is possible that some of these 

channels contribute to dynamic fluctuations in calcium concentrations and thus contribute to 

frequency adaptation characteristics observed by Brown et al. (1978).

In summary, this study demonstrates the feasibility of a biophysical approach to map the 

differentiation between A- and C-type baroreceptor firing patterns using a common 

mathematical model based on the underlying physiology of the transduction process. Further 

work is needed to develop a comprehensive biophysical representation of the origin of the 

various baroreceptor firing characteristics, allowing for quantitative attribution of emergent 

firing rate features to particular variations in model parameters. Such an approach would 

provide a biophysical context for evaluating afferent baroreflex dysfunction, as this type of 

model would allow investigation of how physiological abnormalities may give rise to 

questions in the transduction of blood pressure. This model could be used to understand how 

selective inhibition of A- or C-type might occur and give rise to baroreflex dysfunction, 

which could correspond to unique etiologies of disorders such as orthostatic intolerance.
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5 Appendix

5.1 Model equations

5.1.1 Arterial wall deformation

Nonlinear (sigmoidal) relation between vessel area A and blood pressure p:

Vessel strain εw:

where RA = Am/A0.

5.1.2 Nerve ending deformation

Neuron ending deformation εne predicted using the two-element Voigt body model in Fig. 4:

where

5.1.3 Mechanosensitive ionic current

5.1.4 Conductance based model of afferent action potential generation

The reversal potentials of the ions are calculated using the Nernst equation

The membrane voltage is governed by
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Fast sodium current:

and

Delayed rectifier potassium current:

4-AP sensitive potassium currents:

and
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Leakage currents:

Sodium-potassium exchange current:

Sodium-calcium exchange current:

Calcium pump:
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Fig. 1. 
The organs and pathways associated with the baroreflex control system are shown on the 

left. The system’s response to a drop in blood pressure includes a decrease in the aortic 

baoreceptor firing rate, encoding the detected change in arterial wall strain. This signal 

propagates along afferent baroreceptor fibers to the NTS, which integrates this information 

into the sympathetic and parasympathetic nervous systems. These in turn increase heart rate, 

cardiac contractility, and vascular resistance, and decrease vascular compliance. The right 

panel shows the modeling framework as a block diagram representing the biophysical basis 

of baroreceptor firing in response to an applied blood pressure stimulus. Abbreviations: BR 

(baroreceptor nerve endign), NTS (Nucleus Solitary Tract), SA (Sino Atrial node), p (arterial 

blood pressure), εw (arterial wall strain), εne (nerve ending strain), and f (baroreceptor firing 

rate).
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Fig. 2. 
The main channels associated with afferent baroreceptor fibers are a mechanosensitive 

conductance (gm), a fast sodium conductance (gNa,F), 4-AP sensitive potassium 

conductances (gK,A and gK,D), a delayed rectifier conductance (gK,dr), linear leakage 

conductances (gNa,B and gCa,B), a sodium-potassium exchanger current (INa,K), a sodium-

calcium exchanger (INa,Ca), and a calcium pump (ICa,P).
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Fig. 3. 
A shows a ramp stimulus (bottom) and the associated firing rate response for A- and C-type 

neurons from a dog carotid artery. Data are extracted from the studies by Schild (1994) and 

Seagard et al. (1990). B shows the step response from a rat A-type neuron (it is believed that 

some C-type neurons respond in a qualitatively similar manner with a lower firing rate, 

while others exhibit overshoot, but subsequently ceases to fire), Data extracted from the 

study by Brown et al. (1978). C shows a sinusoidal stimulus and response for a rabbit A-

type neuron, data extracted from Franz et al. (1971). C-type firing patterns are reported to be 

similar but with lower amplitude (See Brown et al. (1978)). D shows the pulse pressure 

stimulus and response for a rat A-type neuron. Note that the neuron cease firing following 

the pressure drop. Data are extracted from Saum et al. (1976). To our knowledge detailed 

firing rate recordings of C-type response to a pulse stimulus have been reported.
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Fig. 4. 
Linear mechanical model predicting the transfer of wall strain to the nerve ending strain. 

The strain across the coupling system is assumed to equal the circumferential wall strain, εw. 

The strain experienced by the spring labeled Ene corresponds to the strain transferred from 

the wall to the nerve endings, εne.
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Fig. 5. 
Optimized wall strain (6) as a function of pressure along with aortic deformation data from a 

rat extracted from Feng et al. (2007).
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Fig. 6. 
Example voltage traces for model simulations using A-type parameters (circles) and C-type 

parameters (triangles). The A-type action potential is narrower, while the C-type action 

potential has a slightly wider wave form in agreement with observations reported by Schild 

et al. (1994).
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Fig. 7. 
Firing rate responses are shown for model simulations with 2 different parameters sets. The 

parameters used were estimated by minimizing (13) comparing the firing rate output to rat 

A-type data from ((Schild 1994, Figure 3.4)) (top), whereas those in the bottom panel were 

estimated against dog C-type data (Note the C-type data are clustered about integer values 

which is also the case in (Seagard et al. (1990))). We believe this is not physiological, but a 

result of either the measurement technique or data post-processing used in the study.
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Fig. 8. 
Model response to a step pressure input using the model parameters estimated to fit the ramp 

data: A-type dark, and C-type light.
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Fig. 9. 
Step response for a slowly adapting (rat A-type) neuron observed by Brown et al. (1978), 

and shown in Fig. 3. Estimated parameter values are reported in Table 1.
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Fig. 10. 
Using parameters estimated in response to the step stimulus used in Fig. 9, we were able to 

reproduce PED. We stimulated the model with a pressure pulse changing from 120 to 156 

mmHg with a duration of 4.1 sec and compared the predicted firing rate to that of rat A-type 

neurons reported by Saum et al. (1976). The computed and experimental firing rates are 

shown in A. B shows results of varying gm, ε½, S½, and β2 to match the duration of the 

PED. These parameter changes results in a lower the baseline firing rate (lighter curve with 

triangle markers). C and D show results of increasing the length (2.1 (squares), 4.1 (circles), 

and 6.1 (triangles) sec) and amplitude (15 (squares), 20 (circles), and 50 (triangles) mmHg) 

of the pressure pulse.
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Fig. 11. 
Using parameters estimated from fitting the C-type ramp response in Fig. 7, we simulated 

the C-type neuron’s response to a pressure pulse stimulus of the same shape used in Fig. 10. 

The results show a very peaked overshoot, with a complete lack of PED following the return 

to baseline pressure.

Sturdy et al. Page 36

J Comput Neurosci. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 12. 
Firing rate response to a sinusoidal input (3) with amplitude pA = 12.5 mmHg, mean pb = 

140 mmHg, frequency ω = 2.5 Hz, and phase shift ϕ = −0.1. The shape of the curve closely 

fits the experimental data reported by Franz et al. (1971) for A-type rabbit neurons, though 

the stimulus pb was adjusted to a higher level than that used to produce the experimental 

recordings. The resulting estimates of parameters are given in Table 1.
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Table 2

Description of the state variables and auxillary quantities used in this paper.

Variable Definition Units

p aortic blood pressure mmHg

εw aortic wall strain unitless

ε1 nerve ending coupling strain 1 unitless

ε2 nerve ending coupling strain 2 unitless

εne nerve ending strain unitless

V membrane voltage mV

m Nav1.7 Activation unitless

h Nav1.7 Inactivation unitless

j Nav1.7 Reactivation unitless

n Delayed Rectifier activation unitless

p K A Activation unitless

q K A Inactivation unitless

x K D Activation unitless

y K D Inactivation unitless

f firing rate Hz

Auxillary Quantites Definition Units

INa,F Nav1.7 Current nA

IK,dr K-DR current nA

IK,A K-A current nA

IK,D K-D current nA

Im MSC current nA

po open probability of MSC unitless

INa,B Sodium background leakage nA

ICa,B Calcium background leakage nA

INa,K Sodium-potassium exchanger current nA

INa,Ca Sodium-calcium exchanger current nA

ICa,P Sodium-potassium pump current nA
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Table 3

Description of the parameters used in this paper and their nominal values.

Parameter Definition Value Units Reference

A0 unstressed aortic area 4.01 mm2 Valdez-Jasso et al. (2009b)

Am maximal aortic area 15.708 mm2 Valdez-Jasso et al. (2009b)

α saturation pressure 145 mmHg Valdez-Jasso et al. (2009b)

κw steepness const 5 unitless Valdez-Jasso et al. (2009b)

RA maximal to minimal area ratio unitless

E0 elastic nerve const 1 mmHg Bugenhagen et al. (2010)

E1 elastic nerve const 1 mmHg Bugenhagen et al. (2010)

E2 elastic nerve const 5 mmHg Bugenhagen et al. (2010)

η1 viscous nerve coupling const 2 mmHg · s Bugenhagen et al. (2010)

η2 viscous nerve coupling const 2.5 mmHg · s Bugenhagen et al. (2010)

α1 nerve ending const E0/η1 s−1 Mahdi et al. (2012)

α2 nerve ending const E0/η2 s−1 Mahdi et al. (2012)

β1 nerve ending relaxation rate E1/η1 s−1 Mahdi et al. (2012)

β2 nerve ending relaxation rate E2/η2 s−1 Mahdi et al. (2012)

s1 firing const 480 s−1 Mahdi et al. (2013)

s2 firing const 100 s−1 Mahdi et al. (2013)

Cm membrane capacitance 32.5 pF Schild et al. (1994)

ENa sodium reversal potential 72.8 mV Schild et al. (1994)

EK Potassium reversal potential −83.9 mV Schild et al. (1994)

ECa Calcium reversal potential 126.7 mV Schild et al. (1994)

gNav1.7 maximal Nav1.7 conductance 2.05 μS Schild et al. (1994)

gK,DR maximal delayed rectifier conductance 0.0055 μS Schild et al. (1994)

gK,A maximal transient 4AP sensitive conductance 0.035 μS Schild et al. (1994)

gK,D maximal persistent 4AP sensitive conductance 0.0100 μS Schild et al. (1994)

gNa,B Background sodium conductance 3.25e-4 μS Schild et al. (1994)

gCa,B Background calcium conductance 8.25e-5 μS Schild et al. (1994)

gm mechanosensitive channel conductance 1.00e-4 μS Alfrey (1997)

ε½ half activation nerve strain 0.3048 unitless Alfrey (1997)

S½ reciprocal slope for po 0.0246 unitless Alfrey (1997)

ĪNa,K Maximal sodium-potassium exchanger current 0.275 nA Schild et al. (1994)

ĪCa,P Maximal calcium pump current 0.0243 nA Schild et al. (1994)

[Na+]i Intracellular sodium concentration 8.90 mM Schild et al. (1994)

[Na+]o Extracellular sodium concentration 154 mM Schild et al. (1994)

[K+]i Intracellular potassium concentration 145 mM Schild et al. (1994)

[K+]o Extracellular potassium concentration 5.40 mM Schild et al. (1994)

[Ca+]i Intracellular calcium concentration 9.70e-05 mM Schild et al. (1994)
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Parameter Definition Value Units Reference

[Ca+]o Extracellular calcium concentration 2.0 mM Schild et al. (1994)

DNaCa 0.0036 mM−4 Schild et al. (1994)

KM,K 0.6210 mM Schild et al. (1994)

KM,Na 5.46 mM Schild et al. (1994)

KM,CaP 0.00005 mM Schild et al. (1994)

KNaCa 3.6 × 10−5 nA · mM−4 Schild et al. (1994)

γ exchange ratio 0.5 Schild et al. (1994)

r exchange ratio 3 Schild et al. (1994)

R Ideal gas const 8314 J/mol·K

F Faraday’s const 96500 C/mol
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