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Abstract

The slowly adapting type I (SAI) cutaneous afferent innervates Merkel cells and their
associated neurites, which constitute its architecture as a branching end organ. It is
presently unknown how Merkel cells and neurites contribute, respectively, with receptor
currents on different timescales, to the slow adaptation observed in elicited trains of action
potentials. Due to the inherent difficulty of direct measurement, this effort in computational
modeling is inspired by recent findings for Piezo2 mechanically activated channels in mice.
The developed generator function includes components of a Merkel cell mechanism
(slower decay of current) and a neurite mechanism (faster decay of current). Each of these
functions takes as its input instantaneous stress in the skin, which each linearly convolves
with its prior accumulation of decaying current over time. Summed together, recent time
histories of stimulus magnitude and rate, as receptor current, are carried to the present.
When the Merkel cell mechanism is removed in the context of simulating the entire end
organ of the SAI afferent, its characteristic response of sustained spike firing over the hold
of the stimulus is attenuated, as is observed for Piezo2 deficient animals. Furthermore,
while prior models have directly converted the time derivatives of stimulus position into
receptor current, this function uses biological mechanisms to make such conversions, and

therefore is not fitted to or dependent on a particular stimulus.



1. Background Anatomy and Physiology

When we touch an object, mechanosensitive afferents in our fingers convert our skin’s
deformation into ionic signals that travel through peripheral nerves to our central nervous
system. It is from a spatial array of afferents that we form our perception of an object’s
spatial and temporal features. One class of cutaneous light touch neurons, slowly-adapting
type | (SAI) afferents, are distinguished by several characteristics. These include a
sustained response to held stimuli, greater spike firing to stimulus movement than stimulus
hold, variable length intervals between successive action potentials, or “spikes”, and ability
to respond over a large range of forces (Figure 1). In specific, when pressure is applied to
the skin’s surface, internal forces propagate through the skin toward the junction of the
epidermis and dermis, where are located clusters of Merkel cells. The SAI afferent
innervates Merkel cell end organs (Figure 2). An individual Merkel cell is typically
associated with an unmyelinated neurite, which connects to a heminode either directly or
along a chain of Merkel cells coupled to their neurites. It is believed that the heminode is
the point of action potential generation and before that point only receptor currents are
encountered, though at present their magnitudes are difficult to observe. There are multip le
heminodes within a Merkel cell-neurite end organ. Eventually, all heminodes tie together

at an upstream node which passes information to the central nervous system.
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Figure 1. An SAI afferent’s response in terms of voltage traces over time (below)

showing action potential firing to a ramp-and-hold stimulus of about 80 kPa (above)

(Wellnitz, Lesniak, Gerling, & Lumpkin, 2010).




Figure 2. Merkel cells are marked (blue) in proximity to neurites (red) that extend toward
a heminode (arrowhead) (Lesniak et al., 2014). In the partial touch dome of case (A), six
individual neurites are connected to individual Merkel cells (asterisks) and in case (B)

four Merkel cells (asterisks) are connected in in a sequential chain.

2. Introduction

The slowly adapting type I (SAI) afferent innervates Merkel cells and their associated
neurites, which constitute its architecture as a branching end organ. Itis presently unknown
how Merkel cells and neurites contribute, respectively, with receptor currents on different
timescales, to the slow adaptation observed in elicited trains of action potentials. One
means of attaining insight is to consider animals of different genetic backgrounds. For
example, those animals deficient in Piezo2 mechanically activated, cation channels in the
Merkel cells of the skin, but not in sensory neurons, exhibit a lack of a neural response to
the sustained hold of a stimulus, which is a defining characteristic of the SAI afferent (Woo
et al, 2014). Another means is to measure currents and potentials at separate junctures in
their generation process. For example, under mechanical stimulation, one can presently
observe the inward currents for single Merkel cells (Woo et al., 2014), or the rapidly
adapting currents in dorsal root ganglion neurons (Ranade et al., 2014). However, it is

experimentally difficult to directly measure receptor currents at the level of single neurites,
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and to isolate, respectively, the currents generated by Merkel cell and neurite mechanisms.
The effort herein seeks to further understand these processes by computational modeling
how Merkel cells and neurites influence, separately and together, the generation of receptor
currents, whose values in the context of an entire end organ give rise to trains of action
potentials.

While related models have indeed transformed mechanical stimulation to receptor
current, nearly all of their underlying mechanics are directly tied and fitted to the stimulus
(Dong et al., 2013; Freeman & Johnson, 1982b; Kim, Sripati, & Bensmaia, 2010; Lesniak
& Gerling, 2009; Looft & Baltensperger, 1990; Sripati, Bensmaia, & Johnson, 2006), rather
than the biophysical interactions of the Merkel cell and neurite (Woo, Lumpkin, &
Patapoutian, 2015) that extend to groups of heminodes of the end organ (Lesniak et al.,
2014). In specific, most models directly convert the time derivatives of stimulus position
into receptor current, which makes them non-physiologically based and heavily dependent
upon parameter fitting to particular surface stimuli. For example, in predicting the timing
of individual spikes evoked by mechanical vibrations in three types of mechanoreceptive
afferent fibers (Kim et al., 2010), stimulus displacement and its derivatives (position,
velocity, acceleration, and jerk) were separately filtered using different temporal linear
fitters and summed with different weights to form current input to a neural dynamics model.

Likewise, in afocus on ramp-and-hold stimuli (Lesniak et al., 2014), stresses and strains
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internal to the skin’s layers and their change over time are converted into receptor current.
While perhaps a stress term represents a static response similar to the Merkel cell
mechanism and its first derivative a dynamic response similar to the neurite mechanism,
the mapping of such derivatives to either physiological mechanism is rudimentary and not
clearly differentiated from what could also be framed as direct ties to stimulus position and
movement.

Therefore, this work designs a generator function inspired by recent findings on Piezo?2
mechanically activated channels in mice, including components related to a Merkel cell
mechanism (slower decay of current) and a neurite mechanism (faster decay of current).
The above functions filter stress internal to the skin over time, in alinear convolution form,
thereby carrying recent stress information forward to the present. Each of these functions
takes as its input instantaneous stress in the skin, which each linearly convolves with its
prior accumulation of decaying current over time. Summed together, recent time histories
of stimulus magnitude and rate, as receptor current, are carried to the present. The
parameters of the generator function are derived from physiological recordings of
membrane potentials for single Merkel cells and of receptor currents just distal to node
locations in SAI afferents. Then, by placing the generator function in the context of an end
organ model with multiple Merkel cell-neurite complexes and heminode sites of spike

initiation (Lesniak et al., 2014), trains of action potentials, or ‘spikes,” are predicted. Within
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the end organ model, the generator function bridges a model of skin mechanics that
transforms a surface stimulus to stress internal to the skin’s layers and a model of neural
dynamics that transforms receptor current to spike times. Numerical experiments, both at
the level of single Merkel cell and neurite interaction and at the level of an entire end organ,
demonstrate the impact of parameter changes and their interactions. One case in particular

considers Piezo2 deficient animals, while another extends to the control of the stimulus.

3. Results

Numerical experiments with the generator function demonstrate 1) its base case, 2) the
effects of varying its parameters, 3) its ability in a whole end organ context to predict trains
of spikes as recorded at a single myelinated axon, 4) the muting of the Merkel cell
mechanism to produce spike train responses similar to Piezo2 deficient animals, and 5) that
the function can operate under ramp-and-hold stimulation controlled both by displaceme nt
and force in addition to periodic vibration.

First, the base case of the generator function shows its current output over 2 seconds,
in response to a ramp-and-hold displacement (Figure 3). The current generated by the
Merkel cell mechanism (Figure 3A) is sustained during the stimulus hold, with a gradual
increase at the ramp-up phase (from contact of skin and stimulus to peak value of

stimulation) and slow decay afterwards. In contrast, the current generated by the neurite
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mechanism (Figure 3B) reacts more rapidly to changes in stimulation over the stimulus
ramp, and is of a larger magnitude, and quickly decays to zero afterwards. Therefore, the
current summed between these two mechanisms (Figure 3C) responds fast and larger in
magnitude to the ramp-up phase, decays slowly at early-hold phase (from peak value of
stimulation to 0.5 seconds afterwards) in response to the stress relaxation of the skin output
from the finite element model, and maintains a steady level through late-hold phase (from

2 10 4.5 seconds of the stimulation).
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Figure 3. Current output by the generator function over 2 seconds, in response to the
ramp-and-hold displacement as shown in the line to the top of the figures with the ramp
in the darker portion and the hold in the lighter portion. The three figures show current as
generated by (A) the Merkel cell mechanism, (B) the neurite mechanism, and (C) both

mechanisms together.

Second, the variation of the generator function’s parameters shows its ability to affect
the magnitude of current values and eventually the spike firing rate, over different time
phases of the response. For example, increasing the decay time constant (z1) of the neurite
mechanism increases the current response (Figure 4A) and firing rate (Figure 4B) at the
ramp-up phase of stimulation. Increasing the decay time constant (z2) of the Merkel cell
mechanism increases the current response (Figure 4C) and firing rate (Figure 4D) of the
early-hold phase. Increasing the peak/steady-state magnitude ratio (K1) of the Merkel cell
mechanism increases the current response (Figure 4E) and firing rate (Figure 4F) of the

late-hold phase.
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Figure 4. Increasing generator function parameters z1, 72, and K1 can increase receptor
current in ramp-up, early hold, and late hold phases, respectively, as well as their
corresponding firing rates. In particular, current traces with different (A) 71 values show
the impact upon the peak current produced, (C) 72 values show the impact during the
early hold phase, and (E) K1 values show the impact upon modulating the steady state
magnitude relative to the peak. Figures (B), (D), and (F) show corresponding firing rates

when the generator function is run in the context of the entire end organ model.
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Third, when the generator function is used in the context of the entire end organ model,
the predicted spike trains (Figure 5A) and firing rates (Figure 5C) over time mimic the
recorded spike trains (Figure 5B) and firing rates (Figure 5D), in both magnitude and shape.
The firing rates at different phases of the stimulus (ramp-up: early hold: late hold) for both
the model predictions and recordings are also similar (Table 1).

’ W i ARHERRTEL R
"= L ———-——

Figure 5. Spike trains and firing rates from both model predictions and
electrophysiological recordings under two ramp-and-hold displacements show similarity
in terms of both the magnitude and shape of the firing rate over time. In specific, sub-
figures (A) and (C) show model predictions, while (B) and (D) show electrophysiological
recordings. Note that unlike Lesniak, 2014 there was no noise introduced into this model

so there the intervals between spikes are not irregular.
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Table 1. Firing rates (model predictions versus electrophysiological recordings) calculated
at three stimulus phases for two displacement levels (0.45 and 0.55 mm). The ratio
column compares the three phases with each other (ramp-up: stimulation onset to peak;

early-hold: peak to 0.5 sec after peak; late-hold: 2 - 4.5 sec after onset).

Model predictions vs | Ramp-up | Early-hold | Late-hold Ratio

Recordings (Hz)

Displacement 1 57 vs 85 41 vs 45 14vs 17 | 4.331 vs 5.122.611

Displacement 2 98vs 129 | 75ws 75 44 vs 37 2.2:1.71 vs 3.5:211

Fourth, the muting of the Merkel cell mechanism in the generator function predicts
neural responses consistent with electrophysiological recordings from those mice deficient
in Piezo2 channels in the skin (Figure 6) (Woo et al., 2014). With both mechanisms on,
spike firing continues throughout the stimulation, while with only neurite mechanism on,

the firing stops long before the end of the stimulation.
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Figure 6. The muting of the Merkel cell mechanism in the generator function predicts
neural responses consistent with electrophysiological recordings from those mice
deficient in Piezo2 channels in the skin, under two levels of ramp-and-hold displacement.
In particular, shown are (A) currents from the complete function and (B) currents with
only the neurite mechanism. The results indicate that firing rates from the (C) complete
generator function have steady, non-zero values throughout the stimulus hold and (D)

function with only neurite mechanism lack a response in the sustained hold. For reference
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are shown firing rates from electrophysiological recordings in (E) Piezo2 control mice
with steady, non-zero values throughout the stimulus hold and (F) Piezo2 deficient mice

that lack a response in the sustained hold (Woo et al., 2014).

Fifth, the generator function can operate under ramp-and-hold stimulation controlled
both by displacement and force in addition to sinusoidal vibration. Force-controlled
stimulations (Figure 7A, dashed lines) that generate similar stress maintained owver time in
the skin were compared with displacement-controlled stimulations (Figure 7A, solid lines
and dots) whereby stress decays over time. The generator function captures the difference
between the two control strategies by outputting current (and subsequently firing rates)
with less difference between peak and steady-state values for force-controlled stimulations
(Figures 7B and 7C) that displacement-controlled stimulations. Another way to view this
same trend is via a comparison of the ratios of firing rates between phases of the stimulus
(ramp to peak: early hold of peak to 0.5 sec: late hold of 2-4.5 sec) for force-controlled
(2.6: 1.5: 1) during the entire stimulation vary less than the displacement-controlled firing
rates (4.3: 2.3: 1). In addition, stimulation using half sinusoids (only for the portion
indented from skin contact deeper into the skin, not from skin contact to stimulus in air) at
frequencies of 5 Hz (Figure 8A), 10 Hz (Figure 8B) and 20 Hz (Figure 8C) were compared

with recordings from the primate (Freeman & Johnson, 1982a). For each frequency, the
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predicted increase in impulse rate of 0 to 2 with an increase to vibration amplitude mimics
the experimental data. Furthermore, stimulation at a 1 Hz frequency was compared with
the ramp-and-hold stimulation (Figure 9) to show that the two match in terms of
spikes/cycle as the frequency of the sinusoid decreases, and to put low frequency

stimulation in the context of the rate of the ramp in a ramp-and-hold displacement.
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Figure 7. The generator function captures the difference between displacement and force

control strategies by producing firing rates with less difference between peak and steady-

state values for force-controlled (dashed lines) than displacement-controlled (solid lines
and dots) stimulation. (A) Stress over time for displacement- and force-controlled

stimulations, with similar peak values generate (B) firing rates.
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Figure 8. Rate-intensity functions predicted by the model (solid lines) from 5, 10, and 20
Hz are compared with neural recordings (circles) (Freeman & Johnson, 1982a). Note that
this result is a first approximation as the model is built around the skin and end organ
structure of the mouse while the neural recordings are in the primate.  Also, no attempt

has been made to tune the free parameters for the vibrational case.
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Figure 9. A comparison of outputs from a ramp-and-hold displacement (black lines) and a
sinusoidal vibration (grey lines) shows the generator function’s capability to produce
multiple spikes/cycle for sinusoidal vibration at low frequency. In particular are shown

(A) stress over time for a ramp-and-hold displacement and a half sinusoid along with (B)

current output over time from the generator function and (C) spike trains.
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4. Discussion

To better understand how Merkel cells and neurites respectively contribute to the
receptor current that underlies the elicitation of trains of action potentials, this
computational effort constructed a generator function that includes both Merkel cell
(slower decay in current) and neurite (faster decay in current) components, tied to studies
of Piezo2 deficient channels in mice. By convoluting these components with internal stress
of the skin, the generator function is able to carry prior receptor currents forward in time,
without storing a discrete history of values at prior timestamps. Focusing on biophysical
means of transformation, its manner of computation differs from prior efforts that directly
converted time derivatives of stimulus position into current. Overall, the model shows how
a slowly adapting spike firing response to a sustained hold stimulus, characteristic of the
SAI afferent, can emerge from the combination of two receptor currents on different
timescales.

The generator function is tied to biophysical measurements with few free parameters.
The generator function is modeled to the level of the biology question under study, at the
Merkel cell and neurite mechanisms. A model with lower level biology details may be
developed in the future, such as on the order of a Hodgkin-Huxley model, once the

measurements are possible to attain for containing parameters.
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The model reflects recent findings for Piezo2 deficient mice. In alignment with studies
on Piezo2 (Woo et al., 2014) as well as Atohl deficient mice (Maksimovic et al., 2014),
the muting of the model’s Merkel cell mechanism attenuates the firing rate in the stimulus
hold. In so doing, only the neurite mechanism’s response remains, as observed during
stimulus movement and the early hold of the stimulus (~0.5 sec after peak force) when the
skin is still relaxing to the displacement-controlled stimulus, held at a position in space.
This stated, there are several model assumptions that are necessary to arrive at this result.
One assumption is that the owerall receptor current is simply the superposition of two
current sources, at a 16: 1 ratio (neurite: Merkel cell). A second assumption is that the
current level and decay of the Merkel cell mechanism is linearly related to the membrane
potential recorded for Merkel cells under current-clamped preps. Herein, we relied upon
measurements from a current-clamped prep, because the transmission from the Merkel cell
to the neurite is likely synaptic in nature. A third assumption is that the current level and
decay of the neurite is similar to that measured in the neuron. Furthermore, there are
certainly other considerations. For example, our level of abstraction does not account for
how the current at the Merkel cell is transmitted to the neurite, which is likely via either a
synapse-like transmission between a Merkel cell and a neurite or cell to cell communication.
This is as of yet an ongoing debate. A fourth assumption is that we account only for single

Merkel cell to single neurite interaction, yet Merkel cells can connect in both chains and
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clusters (Ebara, Kumamoto, Baumann, & Halata, 2008) and during skin renewal Merkel
cells and neurites come and go such that an end organ may have some neurites absent
Merkel cells for a period of time.

Similar to Johnson’s stratification (Freeman & Johnson, 1982b), we propose that in
modeling the SAI afferent, at least three input-output factors are included: 1) surface
stimuli propagates towards its internal layers (skin mechanics), 2) local tissue deformation
is converted into current at neurites (generator function), and 3) receptor current is
converted into potential and the generation of spikes (neural dynamics). Perthis definition,
this work is focused upon the generator function. In contrast, other efforts have used the
term “transduction” to describe the relationship between receptor current and spike firing,
or between surface stimulus and spike firing (Kim et al., 2010). In comparison to those
efforts, the model herein integrates time decay constants into the stress to current
interaction, rather than the current to voltage interaction. Also, those decay constants were
not tied to particular biopotential measurements. Furthermore, we herein integrates into it
the notion of carrying forward the recent past history of current.

The Merkel cell and neurite mechanisms of the generator function, together, are
convoluted with the internal stress in the skin and this affords a means of storing the prior
history of the stimulus, via the present value of receptor current, in a decaying fashion.

There might be other computational means of storing the history. For example, the history
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stored at three most recent timestamps in the past, and summed up at present. However
such a means would require three points of storage and one point of calculation, and not be
naturalistic for a neuron. The chosen means does not require unnatural neuron memory at
multiple past timestamps, because the carry-forward characteristic. Therefore, this function
demonstrates a natural way of generating and preserving the receptor current temporally.
The generator function can be applied to both ramp-and-hold and vibratory stimuli.
Previously, for example, ramp-and-hold stimuli have been delivered under both
displacement-control (Lesniak et al., 2014; Sripati et al., 2006) as well as force-control
(Wang, Marshall, Baba, Lumpkin, & Gerling, 2013). In contrast, other studies have
modeled periodic vibratory stimuli in the SAl and other afferent types (Freeman & Johnson,
1982b; Kim et al., 2010). Dividing modeling strategies by such temporal variance in the
stimulus has largely led to independent efforts. Herein the focus was upon ramp-and-hold
stimuli, though base cases with sinusoidal vibrations are demonstrated for 5, 10, and 20 Hz
data to which the SAI afferent well responds. Prior efforts (Freeman & Johnson, 1982a;
Kim etal,, 2010; Slavk & Bell, 1995) fit the neural recording data much better. This is in
part because our model is built for the mouse while the neural data center around the
primate, and as well the models in those prior efforts being directly fitted to that data,
something not done herein. While we produce here a reasonable first approximation and

demonstration of capability, the neural dynamics sub-model (instantiated as a leaky
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integrate-and- fire) would need to be replaced with a more apt alternative if one was to
seriously consider and account for millisecond spike timing prediction, phase retardation,
and saturation.

The generator function utilizes only one free parameter, which ultimately may be
constrainable to a biopotential measurement. In specific, there are three fixed parameters
(1, 72, K1 and Kz, where K1 + K2 = 1), and two free parameters (a and b) that are fitted.
However, latter two parameters are common by a ratio, leaving only one free parameter.
Those parameters a and b, which represent the linear transformation from instantaneous
stress to instantaneous current of neurite and Merkel cell mechanisms, respectively, are not
presently measurable. Although the absolute values of them are unknown, their ratio of
16:1 indicates that a significantly larger portion of effect on the receptor current comes
from neurite-generated mechanism, ensures more current (and thereby spike firing) in the
stimulus movement phase as opposed to the later sustained hold, and ties to afferents being
at least 10 times more sensitive to movement (Johnson, Yoshioka, & \ega-Bermudez,
2000). In addition, increasing the magnitudes of parameters 71, 72, and Ki (decaying time
constants and peak/steady ratio) independently increase receptor currents in ramp-up,
early-hold, and late-hold phases, respectively, as noted in Figure 4. The ratio of these
parameters can also change the ratio of the firing rates in different phases of the stimulus.

For example, decreasing 71 will decrease the overall ramp-up firing rate magnitudes only,
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and therefore can result a decrease of ramp-up : late-hold firing rate ratio. Decreasing a:b
from 16:1 to, say, 10:1, will decrease the firing rate ratio of ramp-up:late-hold as well.
Finally, the ratio of a:b, though at present not constrainable by biopotnetial measurement |,
could be potentially in the future by either spike or current recordings at the neuron by
comparing Piezo2 deficient and wildtype mice.

The generator function explains the neurite mechanism with a rapid-adapting decay,
mainly in the ramp-up phase of a stimulation, and the Merkel cell mechanism with a
slowly-adapting decay, mainly in the hold phase of a stimulation. It begins to mimic the
spike firing features for both normal and Piezo2 deficient mice. That said, further work is
needed to mimic the early-hold phase of the stimulus, and perhaps changes could be made
to introduce an intermediate-adapting decay, as has been reported in DRG neurons (Ranade
et al, 2014). To fully account for the intermediate-adapting response, there might be two
approaches. In a first, one might modify both time constants, different from the recordings
to which we fit in this work, in the generator function, so that the neurite mechanism
response shows both rapid- and intermediate-adapting features as observed in recordings
from Piezo2 deficient mice. Another approach might be to add a third exponential term in
the neurite mechanism to focus on mimicking intermediate-adapting responses. Such an
approach might lend credence to a hypothesis to find a yet to be discovered biological

mechanism.
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5. Methods

5.1 Conceptual Understanding of the Generator Function

The conceptual mechanics of the generator function are demonstrated by magnifying
the view of compressive stress internal to the skin (Figure 10A), generated by a finite
element model of skin mechanics in response to a ramp-and-hold stimulus, to show the
impact of small, discretized step stresses (o1, o2 - a1, etc.) in creating receptor current. In
reality, stress output by the skin mechanics model is continuous but a discrete
representation demonstrates the following concepts more readily. In Figure 10B, top, the
generator function representing a single Merkel cell-neurite complex is input with one
instantaneous step stress with value o1 at time ti1, where o1 is a very small. In response, in
Figure 10B, middle-top, the generator function produces an instantaneous current response
(11) linear to the stress value o1 at time t1. Its value decreases over time to a stimulus held
at that level of stress. I is composed of a fast-decaying current Ing (Figure 10B, bottom)
from the neurite mechanism, and a slow-decaying current Imc (Figure 10B, middle-bottom)
from the Merkel cell mechanism. In Figure 10C, increasing stress over time and the
generated current response is demonstrated. A second step stress attime t2is added, making
the total stress o2 at time t2. In response, the current response increases to I from the kL

value which formed at o1 and then began to decay over time. A third step stress at time t3
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is then added, making the total stress o3 at time tz. In response, the current response
increases to Is and will decay back to the baseline if there is no further stress input. In
Figure 10D, we mimic the case of a decay in stress beginning at peak force. Assuming the
stress decays from on t0 on+1 at time tn+1, the current response drops immediately to In+1,
which is of a magnitude linearly related to the absolute change in stress, before continuing
to decay in the fashion described in Figure 10B.

A

Stress (kPa)

Figure 10. In a conceptual view of the generator function, (A) stress over time, under a
displacement-controlled ramp-and-hold stimulation, serves as the input. Then, in three

cases with inputs of step stresses, (B) a single step increase in stress o1 evokes current
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output Iz, which is the sum of Merkel cell Imc and neurite Inr mechanisms, (C) three
sequentially delivered step stresses show that current decays but builds upon the prior
magnitude, and (D) a single step decrease in stress from on t0 on+1 evokes an immediate

decrease in current followed by a slower decay.

5.2 Mathematical Form of the Generator Function

The generator function is aconvolution of internal compressive stress in the simulated
skin and two exponential functions that describe how a single Merkel cell-neurite complex
responds to a step stimulation input with an instantaneous increase or decrease proportional
to stress magnitude followed by exponential decay. To better mimic the current generated
from a Merkel cell and a neurite, we use two exponential functions, representing either
respectively. Electrophysiological recordings suggest that current in a neuron rapidly
decays with a step stimulation, and we assume that a neurite behaves similarly. Therefore,
the neurite part of Eqn. 1 corresponds to decay time constant z1 and linear transformation
coefficient a. The Merkel cell part of Eqn. 2 corresponds to decay time constant 72, linear
transformation coefficient b, and two ratio parameters Kiand Kz, representing the peak and
steady portions of a decaying trace (where K1+ K2 =1). Note that linear transformation

coefficients a and b serve to convert instantaneous stress to instantaneous current, linearly,
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and are set at a ratio of 16:1, respectively, such that the neurite is more sensitive than the

Merkel cell. This and many of the model assumptions are addressed in section 4.

Discussion.
a * exp (— tr_—lx) Q)
b * (K, * exp (—tf;zx) +K,) 2

Bringing Eqgns. 1 and 2 into the bracket of Eqn. 3, the complete form of the generator
function is a convolution of these terms and the first derivative of stress input o over time
(Egn. 3):

1(t) = fxt=0 [a * eXp (—tr;lx) + b * (K, * exp (—t;—zx) + KZ)] *Z—zdx (3)
where | is the output generator current, tis time, and x is a variable of the integral. We use
0 as the mathematical baseline of I, and set it to O when it becomes negative. The terms a
and b are instantaneous values while 2—;: along with the integral represents their decay over

time, which is the means of storing the prior history of the stimulus, via the present value

of receptor current, in a decaying fashion.
5.3 Generator Function in context of SAl Whole End Organ Model

Since we cannot directly measure the receptor currents in a neurite that would emerge
from the contribution of Merkel cell and neurite mechanisms, the generator function was

validated in the context of an end-organ model for the SAI afferent (Lesniak et al., 2014)
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(Figure 11). In this model, one Merkel cell and its connecting neurite form a Merkel cell-
neurite complex, where multiple complexes are clustered per heminode. For example, the
end-organ structure in Figure 11 shows 4 heminodes and therefore 4 clusters, with 3,1, 5,
and 8 Merkel cell-neurite complexes in each, noted as a {8, 5, 3, 1} structure (sequence
does not matter). In each Merkel cell-neurite complex, a finite element model of the skin’s
layers outputs compressive stress internal to the skin given astimulus input of displacement
with a linear decelerating ramp-up. Different from prior work (Lesniak et al., 2014), a
refined finite element was used that was both hyper and viscoelastic as based directly upon
measurements of the mouse, and using the output of maximum compressive stress instead
of strain energy density. Each layer of the multi-layered model was represented by
axisymmetric hybrid elements of quasi-linear viscoelastic material with Ogden and Neo-
Hookean hyperelastic components (Wang, Baba, Lumpkin, & Gerling, n.d.). In response
to indentation by ramp-and-hold and periodic vibration stimuli, its output of compressive
stress over time is passed to the generator function, which calculates receptor current for
one Merkel cell-neurite complex. Then, receptor current is multiplied by the number of
Merkel cell-neurite complexes in acluster as the total current entering the heminode, which
is taken in a leaky integrate-and-fire model to accumulate enough potential to elicit a spike.
There is therefore one LIF model at each heminode. Once the potential at a heminode

reaches the firing threshold and elicits a spike, the potentials at other heminodes are
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immediately reset to baseline, and a refractory period of 1 msec is set. The parameters R,

C, and V (resistance, capacitance, and firing voltage threshold) of the LIF model are set to

3E-11F, 16.67E8 Ohm, and 30 mV, and are the same for all 4 LIF models in the model.
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Figure 11. A model of the end-organ of an SAI afferent (Lesniak et al., 2014) used in

validating the generator function. The model takes stimulation input on the skin to a finite

element model and outputs stress in the skin near the locations of the Merkel cells

(hollow circles) and unmyelinated neurites (grey lines). Stress then enters the generator

function to form receptor currents. The currents in each cluster of Merkel cell-neurite

complexes are summed and input to leaky integrate-and-fire models at the sites of

heminodes (half circles) to fire spikes, which propagate through myelinated neurons
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(black lines) to an integrated node (circle) where spike trains can be measured.

5.4 Fitting the Parameters of the Generator Function

The free parameters of the generator function are a and b while its biologically-derived
parameters are 1, 2, K1, and Kz. While the latter parameters were obtained experimentally,
the former parameters needed to be fited and could only be fitted in the context of
simulating an entire end organ.

Regarding the biologically derived parameters, time constant 71 in the neurite
mechanism was fitted to the decay time constant obtained from the current recorded in the
neuron of a whole cell over time under a voltage clamped prep, with step mechanical
stimulation (Ranade et al., 2014). We assume similarity of current decay between such
neurons and the simulated neurites used herein. A characteristic recording and its fitted
trace are shown in Figure 12B. As shown in Table 2, a total of 44 measurements from nine
preps were fitted using a single exponential decay functions of the form y = a * exp(— f).
The mean value of all fitted time constants, 0.008 sec, was used for 71, and the mean value
+ standard deviation of all fitted time constants, 0.005 and 0.013 sec, were used in
numerical experiments with parameter changes. In contrast, the time constant 72, as well as

the peak to steady state ratio parameters Kiand Kz of the Merkel cell mechanism were
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generated directly from single isolated Merkel cells. In this case, however, membrane
potential over time was recorded in the current clamped prep (Woo et al., 2014). We assume
that the Merkel cell’s transmission mechanism most likely behaves like a synapse where
changes in the cell membrane’s potential are linearly related to post-synaptic current under
a step stimulation. A characteristic recording and its fitted trace shown in Figure 12A. A
total of 12 voltage measurements from three Merkel cells were fitted using a similar single
exponential decay plus a constant function. The mean value of all fitted time constants
(Table 3), 0.2 sec, was used for 72, and the mean value +standard deviation of all fitted
time constants, 0.05 and 0.35 sec, were used in numerical experiments with parameter
changes. The mean value of all fitted ratios (ﬁ and ﬁ) (Table 4), 0.5 and 0.5, was used
for K1 and Kz, where K1 + K2 =1, and the mean value =standard deviation of all fitted Ki’s,
0.1 and 0.9, were used in numerical experiments with parameter changes (K2 changes to

0.9 and 0.1, respectively).
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Figure 12. The parameters 71 and 72 of generator function are fitted from the recording
data, where (A) shows a characteristic trace of Merkel cell membrane potential over time
under a current clamped prep, delivered a step mechanical stimulus at about 88% of the

saturation threshold, and (B) shows a characteristic trace of current recorded in the
neuron of a whole cell over time under a voltage clamped prep, delivered a mechanical
stimulus of about 85% of the saturation threshold. Note that the bar at top shows a darken
section corresponding to stimulus movement into the skin and the lighter section showing

the stimulus hold.

Table 2. Time constants in milliseconds for fitted traces of current recordings in the SAI

afferent in response to a step mechanical stimulation near the end organ (fitting z1: mean =

8 msec, stdev =5 msec).
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Runl [ Run2 [ Run3 | Run4 [ Run5 | Run6 | Run7 | Run8 | Run9
Fiber 1 8.2
Fiber 2 5.4 5.6 104 11.4 8.2 8.9
Fiber 3 | 31.3 15.8 14.8
Fiber 4 9.6 11.0 17.1
Fiber5| 75 4.3 2.7 2.8 31 39 3.2
Fiber 6 | 4.8 4.5 7.3 5.4 9.5 5.8
Fiber 7 4.7 2.6 5.2 2.7 3.7 6.4 4.0 5.6 4.3
Fiber 8 3.4
Fiber 9 5.9 4.4 6.9 15.0 9.9 6.1 7.9 14.5

Table 3. Time constants in milliseconds for fitted traces of potential recordings for isolated

Merkel cells in response to a step mechanical stimulation (fitting z2: mean = 200 msec,

stdev = 150 msec).

Run 1 Run 2 Run 3 Run 4 Run 5
Fiber 1 163.7 555.6 288.2 387.6
Fiber 2 42.8 50.3 3425 30.0 43.0
Fiber 3 7.2 4.0 7.9
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value in response to a step mechanical stimulation (fitting Ki).

Table 4. Ratio of potential in Merkel cell recordings from the peak value to the steady state

Run 1 Run 2 Run 3 Run 4 Run 5
Fiber 1 0.41 1.00 0.88 1.00
Fiber 2 0.19 0.33 1.00 0.36 0.50
Fiber 3 0.21 0.26 0.27

Regarding the free parameters a and b that required fitting by the end organ model, the
magnitude of one mechanism relative to another, as well as the way in which the Merkel
cell current is transferred to the neurite and mixes with it are unknown. As typical values
of currents in whole afferent recordings can reach up to 250 pA (Lumpkin, personal
communication), and that our model contains 17 Merkel cell-neurite complexes to achieve
this value, we estimated the receptor currents from a single Merkel cell-neurite complex
should be evenly divided by 17, with a peak value of 10-20 pA. With this as a starting point,
their values were fitted in the whole end-organ model so that firing rates predicted over the
ramp-up, early-hold, and late-hold phases of the stimulus mimic the electrophysiological
recordings in Table 1, for an afferent described elsewhere (Wang et al., n.d.). The final
values used for a and b are 3E-14 A/Pa and 1.875E-15 A/Pa, respectively, with a ratio of

16:1.
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5.5 Numerical Experiments with the Generator Function in Context of

the End Organ Model

We explored how the variance of each time constant decay r1, 72 and the peak to steady
state ratio K1, and Kzwould affect the generator current and the corresponding firing rate.
As described in Section 5.4, the standard deviations of the parameters were set in the
generator function. The values of 71 were varied between 5, 8, and 13 msec. The values of
72 were varied between 50, 200, and 350 msec. The values of K1 were varied between 0.1,
0.5, and 0.9. The firing rates calculated from the spike trains, as well as the ratio of firing
rates at different phases of the stimulus (ramp-up, early-hold and late-hold) were compared
to electrophysiological recordings under similar stimulation.

The next sets of numerical experiments were all run with the same set of parameters
described in Section 5.3 and 5.4. The parameters a, b, 71, 72, K1, and Kz are set to be 3E-14
A/Pa, 1.875E-15 A/Pa, 8 msec, 200 msec, 0.5, and 0.5. The parameters R, C, and V
(resistance, capacitance, and firing voltage threshold) of the LIF model are set to 3E-11 F,
16.67E8 Ohm, and 30 mV, and are the same for all 4 LIF models in the model.

To mimic the phenomenon that mice deficient in Piezo2 channels in the skin do not
generate a firing rate response under sustained stimulation, we muted the Merkel cell

mechanism part of the generator function. We compared the shape of the model predictions
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to electrophysiological recordings with normal and Piezo2 deficient mice.

To validate the generator function under different types of stimulation, we ran the
model under ramp-and-hold stimulations in both displacement- and force-control, as well
as periodic vibration. To compare the model predictions for displacement- and force-
controlled stimulations, we used stimuli that generated similar magnitudes of peak stress
in the skin, and compared the ratio of firing rates across the phases of stimulation. To
compare periodic vibration at different frequencies, we used half sinusoids of generated
stress as input and varied peak magnitudes to fire zero to two spikes per cycle. The impulse
rate is the average number of spikes per cycle over 5 sec of stimulation. The stimulation
amplitude is normalized by the amplitude at the first point of 1 impulse per cycle for every
trace. Then, to compare sinusoidal vibration to ramp-and-hold stimulations, we used half

sinusoids of stresses with 1 Hz frequency, so that the duration of the ramps were similar.
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